Ar>(>091  04 


ato8txa.ot8  of*  tne 


F*o\xrteeritli  ^zixi\ia.l 


^/0763oo9 


ddc 


>  Spcn.or.d  by  Ul 

^  DDC4RA  R 

AIR  FORCE  AVIONICS  LABORATORY 


WRIGHT  PATTERSON  AIR  FORCE  BASE,  OHIO. 


In  cooperation  with  the 


UNIVERSITY  of  ILLINOIS. 


October  6.  7,  8,  1964. 


Robert  Allerfcn  Park,  Monticello,  Illinois. 


UNCLASSIFIED 


CLEARiNuHOUSE  FOR  FEDERAL  SCIENTIFIC  AND  TECHNICAL  INFORMATION  CFSTI 
DOCUMENT  MANAGEMENT  BRANCH  4i0.ll 


LIMITATIONS  IN  REPRODUCTION  QUALITY 


ACCESSION 


^  O  9 


ra  I.  WE  REGRET  THAT  LEGIBILITY  OF  THIS  DOCUMENT  IS  IN  PART 
UNSATISFACTORY.  REPRODUCTION  HAS  BEEN  MADE  FROM  BEST 
AVAILABLE  COPY. 

Q  2.  A  PORTION  OF  THE  ORIGINAL  DOCUMENT  CONTAINS  FINE  DETAIL 
WHICH  MAY  MAKE  READING  OF  PHOTOCOPY  DIFFICULT. 

rn  3.  THE  ORIGINAL  DOCUMENT  CONTAINS  COLOR.  BUT  UlSTRIBUTiON 
COPIES  ARE  AVAILABLE  IN  BLACK-AND-WHITE  REPRQOUCTICN 
ONLY. 

n  THE  INITIAL  DISTRIBUTION  COPIES  CONTAIN  COLOR  WHICH  WILL 
BE  SHOWN  IN  BLACK-AND-WHITE  WHEN  IT  IS  NECESSARY  TO 
REPRINT. 

n  5.  LIMITED  SUPPLY  ON  HAND:  WHEN  EXHAUSTED,  DOCUMENT  WILL 
BE  AVAILABLE  IN  MICROFICHE  ONLY. 


n  5.  LIMITED  SUPPLY  ON  HAND:  WHEN  EXHAUSTED  DOCUMENT  WILL 
NOT  BE  AVAILABLE. 


Q  7.  DOCUMENT  IS  AVAILABLE  IN  MICR^-nCHE  ONLY. 

Q  8.  DOCUMENT  AVAILABLE  ON  LOAN  FROM  CFSTI  (TT  DOCUMENTS  ONLY). 

□  > 


P ROC  Eli 


TSL-l07-(0  64 


UNCLASSXPIBD 


Abstracts  of  the 

FOURrBBfTH  ANMUAL  SYMPOSIUM 

OM 

THE  USAP  AMTBmA  RESBAJICH  AlfD  DBVKLOFMSMT  PROGRAM 


SPONSORED  BY 

AIR  PORCE  AVIONICS  LABORATORY 
VRIGHT-PATTERSON  AIR  FORCE  BASE,  (»iIO 


ROBERT  ALLERTON  PARK 
(University  of  Illinois) 
Monticello,  Illinois 


(3,  7,  8,  October,  1964 


UNCLASSIFIED 


NOTICES 


When  Government  drawings,  specifications,  or  other  data  are 
used  for  any  purpose  other  than  In  connection  with  a  definitely 
related  government  procurement  operation,  the  United  States 
Government  thereby  Incurs  no  responsibility  nor  any  obligation 
whatsoever;  and  th<;  fact  that  the  Government  may  have  formulated, 
furnished,  or  In  any  way  supplied  the  said  drawings,  specifications, 
or  other  data  Is  not  to  be  regarded  by  Implication  or  otherwise 
as  In  any  manner  licensing  the  holder  or  any  other  person  or 
corporation,  or  conveying  any  rights  or  permission  to  manufacture, 
use  or  sell  any  patented  Invention  that  may  In  any  way  be  related 
thereto. 


CGimitTS 


poLAJUZATicif  carrnoL 


An  Automatic  Microwave  Polarization 
Analyzer 


Far  Field  Pattern  for  Bef lector 
Antennae  with  Displaced  Feed 

A  Siaplified  Variable  Polarization 
Antenna 


WBr  TBCWflQUBS 

On  the  Des'gn  and  Evaluation  of  HF 
Airplane  Coaauni cations  Antennas 


A  Ifew  Class  of  Electrically  Small 
Antennas 

Broadband  Antennas  Utilizing  Ferrites 


Variable  Prism  Scanning  Lens 


Tandem  Couplers  and  Phase  Shifters: 
A  Hew  Class  of  Unlimited  Components 


A  New  Scimitar  Antenna 


vSimulation  of  RF  Far-Fieid 
Conditions  Using  a  Hocrowave  Lens 


«HF  Shunt  Antennas  for  Electrically 
Short  Aircraft 


J.  A.  Eaiser  and  K.  L.  Hanlin, 
NATIONAL  AERONAUTICS  AND  SPACE 
ADMINISTRATlOf,  VASHIHGTM,  D.C. 

Benedikt  A.  Munlr^  NORTH  AMERICAN 
AVIATIOH^  COLUMBUS,  OHIO 

John  L.  Kerr,  U.  S.  ARMY  ELBCTRfHfia 
LABORATORIES,  FORT  MONMOUTH,  N.  J. 


A.  E.  Lipp  and  D.  D.  Hutchinson, 

THE  BOEING  00.  AIRPLANE  DIVISICM, 
SEATTLE,  WASHINGTON 

Richaro  C.  Fenwick,  COLLINS  RADIO 
COMPANY,  RICHARDSfHf,  TEXAS 

J  •  A .  M .  Lyon,  «T .  E  .  Herman  and 
3.  B.  Rhee,  UNIVERSITY  OF  MICHIGAN, 
ANN  ARBOR,  MICHIGAN 

Scott  H.  Walker,  MOTOROLA,  INC., 
SCOTTSDALE,  ARIZONA 

J.  P.  Shelton,  R.  Van  Wagoner  and 
J.  J.  Wolfe,  RADIATION  SYSTEMS,  INC. 
ALEXANDRIA,  VIRGINIA 

E.  M.  Turner,  AWE,  WRIGHT-PATTERSON 
AFB,  OHIO 

P.  Zuzulo,  S.  Jurczak,  and  J.  Castri:- 
REPUBUC  AVIATION  CORP.,  FARMINGDALE 
NEW  YORK 

Donald  G.  Gordon,  NORTH  AMERICAN 
AVIATION,  INC.,  LOS  ANGELES,  CALIF. 


*pap<>r  not  presented 


CONTENTS  (Continued) 


THEORY 


The  Self  and  Mutual  Adalttancea  of 
Circular  and  Dipole  Arraya 


Near-'Fleld  Measureaenta  on  the  Planar 
Four-Arm  Log-Spiral  Antenna 


Advanced  Antennaa  for  Space 
Applicatlona 


Interference  Coupling  Factora  for 
Pairs  of  Antennaa 


The  Equivalent  Radlua  of  Arbitrarily- 
Shaped  Antennaa 

Tranaverae  Focal  Region  Properties  of 
a  Spherical  Reflector 

*Dual  Mode  Pattern  and  Reciprocity 
Studies  with  a  Simple  Waveguide  Peed 
and  Reflector  Antenna 

*Some  Geodetic  Lenses  and  Their 
Application 


Hl-GAIW  ANTENNAS 

A  Survey  of  Side  Lobe  Cptinlzation,  - 
Suppression,  and  Cancellation 
Techniques 

Lightweight  Large-Aperture  Arrays 
for  Airborne  Applications 


Antenna  Range  Evaluation  for 
Measurements  of  Gemini  Track  Radar 


Richard  B.  Mack,  AIH  FORCE 
CAMBRIDGE  RESEARCH  LABORATORIES, 
BEDFORD,  MASSACHUSETTS 

P.  L.  Ransom  and  J.  D.  Dyson, 
UNIVERSITY  OF  ILLINOIS,  URBANA, 
ILLINOIS 

A.  M.  Berkman  and  W.  M.  Young, 
LOCKHEED  MISSILES  AND  SPACE  00., 
SUNNYVALE,  CALIF. 

J.  A.  M.  Lyon,  A.  I.  Simanyl  and 
W.  R.  Heath,  UNIVERSITY  OF 
MICHIGAN,  ANN  ARBOR,  MICHIGAN 

Charles  W.  Su,  NORTHROP  CORP., 
NORAIR  DIVISION,  HAWTHORNE,  CALIF. 

G.  Hyde,  RADIO  CORPORATION  OF 
AMERICA,  MOORESTOWN,  N.  J. 

M.  W.  Scheldorf,  IITRI,  ANTENNA 
RESEARCH  FACILITY,  GENtr/A,  ILLINOIS 


J.  L.  McFarland,  NORTH  AMERICAN 
AVIATION,  ANAHEIM,  CALIF. 


John  B.  Damontc,  DAIifO  VICTOR 
COMPANY,  BELMONT,  CALIF. 


B.  M.  Bowman,  W.  O.  Klever,  and 
A.  B.  Marble,  GOODYEAR  AEROSPACE 
CORP.,  AKRON,  OHIO 

J.  H.  Diel,  NEW  MOCICO  STATE 
UNIVERSITY,  UNIVERSITY  PARK,  N.  M. 


•paper  not  presented 


OONTEnrS  (Continued) 


PIViaOWilBfTAL 

Deeicn  and  Bvaluatlon  of  Antennas  for  Godfrey  F.  Buranlch,  CORNELL  AERO 


Use  In  a  Tberaal  Bnvlronaent  of  2000 


Oeclgn,  Bvaluatlon  and  Perfonaance 
of  Modem  Microwave  Anechoic  Chaabers 
for  Antenna  Measureaents 

R.  F.  Corona  on  Titanlua  Surfaces 
at  Blevated  Teq>erAture 

A  Precision  Ground-Reflection  Antenna 
Boreaicht  Teat  Range 


Effect  of  Aabient  Plasaa  on  Antenna 
Breakdown  Radiation  Characteristic 


*RF  Breakdown  in  a  Space  Bnvironaent 


^Integrated  Low  Profile  Antennas 


*A  High  Teenperature  C-Band  Annular 
Slot  Antenna 


SCANNING  TBCHNiqOB 

The  Use  of  Strip-Transaission  Line 
Techniques  at  X-Band 


Helix  Frequency  Scanning  Feed 


Wide  Scan  Short  Focus  Milliaeter 
Wave  Dielectric  Lenses 


NAUTICAL  LABORATORY,  INC.,  BUFFAL 
NEW  YORK 

Elery  F.  Buckley,  EMERSON  k  CUMIN 
INC.,  CANTON,  MASSACHUSETTS 


Paul  F.  Stang,  LOCKHEED-CALIFORNI, 
00.,  BURBANK,  CALIF. 

J.  S.  Hollis,  R.  B.  Pidgedn, 
SCIENTIFIC-ATLANTA,  INC.,  ATLANTA 
GEORGIA,  and  R.  M.  Schutz,  McDONN] 
AIRCRAFT  CORP.,  ST.  LOUIS,  MISSOUl 

J.  B.  Chown  and  D.  W.  Weissman, 
STANFORD  RESEARCH  IN.STITUTE,  MENL( 
PARK,  CALIF. 

R.  F.  Vance  and  J.  E.  Nanevicz, 
STANFORD  RESEARCH  INSTITUTE,  MENIA 
PARK,  CALIF. 

B.  R.  Murphy  and  D.  R.  Wehner, 
MOTOROLA,  INC.,  SCO'ITSDALE,  ARIZOI 

C.  R.  Bitter,  J.  W.  Pool  and  W.  E, 
Porteus,  MOTOROLA,  INC.,  SCOTTSDAI 
ARIZONA 


W.  Bryant,  D.  Canaday,  and  G.  Mona 
ADVANCED  DEVELOPMENT  LABORATORIES, 
INC.,  NASHUA,  N.  H. 

G.  H.  Okubo,  HUGHES  AIRCRAFT  CO., 
FULLERTON,  CALIF. 

A.  Mayer,  NATIONAL  ENGINEERING 
SCIENCE  CO.,  PASADENA,  CALIF. 


*paper  not  presented 


COKTBNTS  (Continued) 


Antenn&flers  for  Beaa-Steerlng  Arrays 


Migh-Power  Baaa  Switching  Techniques 
for  Multibesa  Array  Antennas 


*The  Design  of  a  Broadoand  Rotating 
Peed  for  a  Low  Noise  Teaperature 
Antenna  with  Auto-Track  Capability 

*A  High  Dielectric  Constant  Phasing 
Lens  for  Blectronically-Scanned 
Antenna  Arrays 


Jonathan  D.  Youngs  OHIO  STATE 
l"»!YgRSITY;  COLUMBUS,  OHIO 

Helmut  E.  Schrank,  WESTINGHOUSB 
DEFENSE  AND  SPACE  CENTER,  BALTIMORE, 
MARYLAND 

D.  G.  Henry,  NEV  MSCICO  STATE 
UNIVERSITY,  UNIVERSITY  PARK,  N.  M. 


R.  Scott  Brazil,  MOTOROLA,  INC., 
SCOTTSDALE,  ARIZONA 


*paper  not  presented 


An  Automatic  Microwave  Polarization  Analyzer 
J.  A.  Kaiser  and  K.  L.  Hanlin 


Introduction 


A  method  whereby  the  polarization  characteristics  of  an  Incident  wave 
may  be  Instantaneously  and  continuously  measured  and  indicated  Is  described. 
It  Is  possible  to  analyze  either  modulated  or  unmodulated  signals  whose 
frequencies  are  within  the  operating  range  of  the  individual  system  com¬ 
ponents.  The  system  comprises  an  antenna  which  receives  and  separates  the 
two  senses  of  circular  polarization,  a  microwave  phase  comparator,  ard  a 
means  for  making  amplitude  ratio  measurements.  The  method  described  differs 
from  previous  methods  In  that  It  utilizes  the  two  senses  of  circular  polari¬ 
zation  In  conjunction  with  a  phase  measurement  to  obtain  "tilt*'  angle  rather 
thaii  using  two  orthogonal  linearly  polarized  fields  In  conjunction  with  a 
phase  shifter. 

Polarization  Relationships 

An  arbitrarily  polarized  wave  Incident  on  a  receiving  antenna,  In  rcrms 
of  two  orthogonal  linear  components,  may  be  written  in  the  form 

E  -  +  jEo  -  C  cos  Wt  ^  jD  sin  Vt . 

As  shown  by  Rumsey,^  these  two  orthogonal  linearly  polarized  fields  can  be 
represented  In  terms  of  two  circular  fields: 

El  -  Ae'*'-!'^^ 

Er  -  Be’-i'^*. 

In  a  plane  normal  to  the  direction  of  propagation,  the  circular  fields  arc 
p  r i o J  Ic  a lly  In-phase,  i.e.,  they  add  constructively  in  o^e  direction, 
twice  during  the  course  of  one  cycle.  In  the  orthogonal  direction,  the 
circular  fields  add  destructively,  I.e.,  they  are  anti-phase.  Figure  1 
shows  a  representation  of  the  two  circular  fields  in  a  X  -  Y  plane  at  an 
instant  of  time  when  they  are  in-phase  and  so  add  to  produce  the  m.ajor 
axis  of  the  polarization  ellipse.  It  may  be  seen  that  90  degrees  later 
in  time  the  two  fields  will  be  anti-phase  because  o'"  their  opposite  senses 
of  rotation,  producing  the  minor  axis  of  the  polarization  ellipse. 

An  amplitude  envelope  of  the  resultant  field  is  generally  an  ellipse 
which  has  a  major  and  a  minor  axis.  assumes  the  direction  of  the  major 

axis  while  E»,  which  is  orthogonal  to  Ed,  is  in  the  direction  of  the  minor 
axis  of  the  polarization  ellipse.  In  terms  of  the  circular  fields,  the 
linear  components  are: 
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■  Re  (El  +  Er)  •  (A  +  B)  cos  Mt 
that  la,  C  ■  A  4-  B 

and  Ea  ■  Im  (El  +  Er)  ■  (A  -  B)  ain  Wt 
that  la,  D  •  A  -  B. 

It  may  be  noted  that  if  E  ■  0,  then  A  <■  C  -  D.  In  this  case  (1).  reduces  to 
left  circular  as  represented  in  (2).  Similarly  for  A  •  0,  (1)  reouces  to 
right  circular  polarization.  When  A  •  B,  Es  disappears  which  is  the  case 
for  linear  polarization. 

The  ellipticity  of  a  wave  may  be  expressed  as  a  ratio  of  the  maximum 
value  of  field  to  the  minimum  value  of  field: 

E^/Ee  -  C/D  -  A  B  . 

A  -  B 

This  ratio  ranges  from  infinite  for  linear  polarization  to  one  for  circular 
polarization. 

Polarization  Analyzer 

Automatic  polarization  analysis  can  be  accomplished  with  the  aid  of  the 
circuitry  shown  in  Figure  2.  In  order  to  analyze  polarization  characteristi 
it  is  first  necessary  to  transfer  the  wave  in  space  into  fields  in  transmiss 
lines.  For  the  purposes  of  this  paper,  an  antenna  such  as  a  turnstile  array 
selected  which  separates  a  received  signal  into  its  two  circular  components. 
For  a  given  orientation  of  the  receiving  antenna,  the  two  fields  in  the  tran 
mission  lines  will  be  in-phase  for  only  one  orientation  of  the  major  axis  of 
incident  polarization  ellipse.  This  direction  of  the  major  axis  may  be 
established  as  a  reference  direction.  As  the  polarization  ellipse  tilts  in 
space  from  this  reference  direction,  t-he  phase  of  the  field  in. one  trans¬ 
mission  line  will  be  advanced  an  angle  equal  to  the  angle  of  tilt  while  the 
phase  of  the  field  on  the  other  transmission  line  will  be  retarded  a  like 
amount.  The  signal  intensities  in  the  transmission  lines  from  the  antenna 
may  be  written: 

El  A  cos  (Wt  +  ^ ) 

Er  ««r  B  cos  (Wt  -  ) 

where  dT  is  the  angle  between  the  major  axis  of  the 
polarization  ellipse  and  a  reference  direction. 

In  Figure  1  the  reference  direction  Is  shown  as  the  X-axis.  It  rt.ay  be  noted 
that  the  reference  direction  may  be  changed  at  will  by  an  observer  who  can 
simply  rotate  the  receiving  antenna. 

A  portion  of  each  field  in  (6)  is  detected  to  provide  quantities  pro¬ 
portional  to  component  a.mplltudes.  The  remainder  goes  to  a  phase  comparator 
CO  be  used  for  determination  of  the  ellipse  tilt  angle. 
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Ratio  of  Amplitudes 

The  detected  amplitudes  Pi^  and  shown  In  Figure  2  are  proportional 
to  the  squares  of  the  absolute  amplitudes  of  left  and  right  circular  com¬ 
ponents.  Recalling  that  the  elllpticlty  ratio  is  given  by  E^/Ee,  a  computer 
which  solves  the  equation 

A  +  B  ^>/pr+  VpT  (7) 

A  -  B  /Pl  -  fpR 

provides  two  factors  of  Interest  cot.cemlng  polarization  characteristics  of 
a  wave*  (1)  degree  of  elllpticlty  (.2)  dominant  sense  of  circular  polarization 
(by  noting  whether  the  ratio  Is  positive  or  negatived. 

It  Is  somewhat  simpler  to  determine  the  ratio  Pg/PL  and  In  some  applications 
Is  sufficient.  The  degree  of  elllpticlty — for  a  limited  range  of  values  of 
Pp/PL--can  be  determined  If  required  with  the  aid  of  Figure  3.  The  dominant 
sense  of  circular  polarization  Is  determined  by  noting  whether  the  ratio  is 
greater  than  or  less  than  one. 

Determination  of  Tilt  Angle 

The  tilt  angle  of  the  polarization  ellipse  is  the  remaining  unknown 
and  is  determined  easily  by  measuring  the  phase  difference  between  the  two 
senses  of  circular  polarization  with  a  microwave  phase  comparator. ^  Assuming 
the  signals  of  (6)  as  Inputs  to  the  phase  comparator  shown  In  Figure  2,  the 
signal  intensity  at  terminal  a  is  proportional  to: 

Ea  -S^A  cos  (Wt  +  r  )  +  B  cos  (Wt  +  r  )  (8) 

^  {k  +  B)  cos  Wt  cos  +  (A  -  B)  sin  Wt  sin  V. 

The  detected  signal  Is  proportional  to  the  square  of  the  signal  Intensity; 

Pa;?'Ea^ 

;3r:  (A^  -f  B^  +  2AB)  cos^  Wt  cos^ 

+  (a2  +  b2  -  2AB)  sin2  Wt  sin^  r  (9) 

^  (a2  +  B^)  (cos2  Wt  cos2  y  +  sin2  Wt  8in2  f  ) 

+  2AB  (cos2  Wt  cos^  Y  -  sin2  Wt  sin2 

Pa  (A^  +  b2)  +  2AB  cos  2  3*. 

Similarly,  the  other  detected  outputs  from  the  phase  comparator  are: 

Pb  a2  +  B^  -  2AB  cos  2  iT 

Pc  a2  +  b2  +  2AB  sin  2  3^"  (10) 

Pd  ^a2  +  B^  -  2AB  sin  2  r. 

Differencing  the  outputs  from  each  of  the  hybrids  produces: 


] 3  -  Pb  4AB  cos  2  Y 

Pc  -  Pd  kKit  sin  2  J'. 


(11) 
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Displaying  these  difference  amplitudes  orthogonally,  l.e.,  Pa  >  Pb  on 
the  X-axls  and  Pc  -  Pd  on  the  Y-axls  of .an  X  -  Y  Indicator,  which  may  be 
an  X  •  Y  recorder  or  oscilloscope,  yields  the  Indication: 

Pt  4AB  (coa  2  (T  +  J  sin  2  a  ) 

4ABeJ2^. 


Thus,  the  product  of  the  amplitudes  of  the  two  circular  components  Is  the 
radius  to  a  circle  %fhlch  Is  described  by  the  phase  difference  (2  3^)  between 
the  circular  components.  See  Figure  4.  If  either  A  or  B  Is  zero,  which  means 
that  only  one  sense  of  circular  polarization  Is  received,  the  radius  of  the 
phase  circle  goes  to  zero,  showing  no  elliptical  polarization  present. 

The  X  •.  Y  Indicator  serves  here  as  a  computer,  taking  as  Inputs  the 
functions  of  an  angle  and  displaying  the  angle  Itself. 

It  may  be  observed  that  as  the  tilt  angle  V  ranges  through  180  degrees, 
a  complete  circle  Is  traced  on  the  indicator,  meaning  that  the  relative  phase 
of  the  fields  In  the  transmission  lines  has  undergone  a  change  of  360  degrees. 
The  X  -Y  Indicator  thus  does  not  automatically  display  the  tilt  angle  In  the 
sense  that  It  yields  a  change  In  displayed  angle  of  twice  the  change  In  tilt 
angle. 

Tilt  angle  can  be  automatically  displayed  If  quantities  proportional  to 
(11)  are  applied  to  a  two>phase  motor  whose  rotor  Is  connected  to  a  pointer 
through  a  2:1  gear  reducer. 

Conclusion 

It  has  been  shown  how  to  determine  automatically  and  continuously  all  of 
the  polarization  characteristics  of  a  wave.  The  degree  of  elllptlclty  and  domli 
sense  of  rotation  are  obtained  from  a  ratio  derived  from  the  circular  component 
amplitudes  and  the  direction  of  polarization  is  obtained  from  a  measurement  of 
the  phase  difference  between  the  two  components.  The  method  described  requires 
moving  parts  or  active  phasing  devices. 
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Abstract 


Far  field  patterns  for  a  paraboloidal  dish  with  the  feed  displaced  either 
transversely  or  axially  are  determined  analytically.  The  results  obtained  are 
displayed  graphically,  in  plots  Including  the  first  three  side  lobes. 


INTRODUCTION 


This  paper  presents  an  anal3rtlcal  treatment  of  the  far  field  pattern  of  a 
paraboloidal  reflectc  in  which  the  feed  is  displaced  from  the  focus  either  trans¬ 
versely  or  axially.  Although  the  transverse  method  has  been  investigated  both 
experimentally  and  by  use  of  various  computer  prograins,  only  one  other  analyti¬ 
cal  study  of  this  method  has  been  found  by  tl^  author.  (See  reference  3.)  The 
transverse  method  presented  here  differs  from  the  previously  published  one  in 
that  e^qpansion  is  performed  around  an  axis  nearly  coinciding  with  the  displaced 
beam,  rather  than  around  the  boresight  axis  of  the  dish.  The  advantage  of  this 
approach  lies  in  the  simplification  that  only  a  few  correcting  terms  need  be  added  to 
the  unperturbed  beam.  Previous  studies  of  axial  displacement  show  that 
approximately  to  a  quadratic  phase-distortion.  The  problem  is  thus  reduced  to  the 
classical  one  first  treated  by  Lommel.  (See  reference  7)  However,  In  this  paper, 
a  slightly  different  approach  is  used. 
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FEED  DISPLACED  IN  THE  FOCAL  PLANE. 


&i  figure  1,  ah  aperture  S  is  shown  with  a  coordinate  system.  It  is  generally 
accepted  that  the  far  field  pattern  for  such  an  aperture  is  given  by  the  diffraction 
integral 


FIG  I 


Here  f(r,#)  is  the  illuminating  fimction  defining  the  field  strength  across 
the  aperture,  both  in  amplitude  and  phase.  Selecting  the  circular  aperture  with 
radius  R.  assume  that  f(r,#)  has  the  magnitude 

/f(r,4)/-  I-K(Vr)^  (2) 
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Here,  K  is  a  constant,  for  determining  the  taper  across  the  aperture.  For 
example,  for  K<*0  we  obtain  a  constant  illumination:  for  K*2/3,  the  illumination 
taper  is  approximately  10  db. 

The  problem  is  now  to  determine  the  complex  phase  of  f(r,4)  with  the  feed 
displaced  in  the  focal  plane  as  shown  in  figure  2.  Here,  F  is  the  focal  point  of 
the  paraboloidal  dish  and  f'  the  actual  location  of  the  feed.  We  now  note  that  if 
the  feed  had  been  located  at  F,  then  all  rays  would  hr ve  arrived  at  the  aperture 
plane  with  the  same  phase.  With  the  feed  actually  located  at  F*  the  difference  in 
phase  is  mainly  due  to  the  path  difference  between  FB  and  f'b.  This  is  a  very 
good  approximation  because  BP^p'  are  both  nearly  perpendicular  to  the  aper¬ 
ture  plane.  Further,  BP  is  appreciably  smaller  than  the  focal  length  f  of  the 
dish  (unless  the  f/D-ratio  is  extremely  small). 


The  evaluation  of  FB  and  F*  B  is  illustrated  in  tho  more  general  three- 
dimensional  figure  3.  Again,  tl)e  arbitrary  point  on  the  paraboloidal  surface  1 
designated  by  B,  and  we  find  from  triangle  ABF 

BF^  -  r^4.(f-2)^  ( 


r^-4fz 


into  (3)  yields 
BF»f 

Similarly,  from  triangles  BCF  and  ABC  we  obtain 

i2  2  i2  9  0  0 

BF*  »BC‘^+CF  +  cos  #  4-(f  -  Z)“ 
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(6) 


or  with  (4) 

(l  +  (L)^)  +  8  ^  -  2r  «  C50S  ♦ 

Now,  since  8  <  <  f ,  by  applying  the  ejqpansion 

/T-y 

and  substituting  the  first  two  terms  we  obtain 

BF'*f  (l+C/aO^j  [l  -  ■/( U(r/2i^j  ^  ““  *]  <’> 

Thus,  from  (5)  and  (7)  we  obtain  for  the  phase  function  A  (r.#)  for  the  illu¬ 
minating  function  f(r,4)  across  the  aperture 

] 

fir  cos  4  (8) 

For  brevity  we  will  introduce 

—  8 

“  f(H-  (^/2f)2)  '  V 

Thus,  (8)  can  be  written 

A  (r,^)  -  )Jrq  cos  ♦  (10) 

We  now  substitute  (10)  into  the  detraction  integral  (1)  and  obtain 

E  a y*  ^  |f(r)irdr  J'  ^  (sin®  fq)  cos  (11) 

o  o 

Applying  the  formula 

o 

Where  Jj^(Z)  is  the  Bessel  function  of  the  first  kind  of  order  n  and  argument 
Z,  we  obtain  from  (11) 

R  r 

E  =  2ir  J  /f{r)/r  J  j^/Sr  (sine  0 
o 

Our  next  task  is  to  obtain  a  suitable  approximation  for  q.  We  may  rewrite  (9) 


■q> 


dr 


(12) 


A(r,^)  ■  /3  I^BF-  BF 
A(r,*)  ■  fji  4.  (r/2£)2J 


0 


‘’■■f  1  -f  (r/2t)^'  ■  t[‘  '  (2f)2+  (r/a)2  <VR)*1  (i: 

R 


In  tUs  way  we  have  managed  to  get  q  into  a  form  consisting  of  a  constant 
term  plus  a  smaller  term  depending  only  on  r.  Thus,  for  a  typical  example,  wil 
an  f/D>ratio  of  0.4  we  obtain  from  (13) 


T  [‘  -  sir  “ 

J  [‘  -  dr  -*  1 

and  a  reasonable  approximation  for  q  in  this  case  will  be 


Similarly,  for  a  f/D  ■  0.6  we  find 

for  VR  0 

for  r/n  1 

Thus,  in  this  case,  a  good  approximation  is 


fVf  1  -  5.1 

*  •  -1. 
V/i  1-6.8 


-  5.8  (f/R)^ 


(1^ 


(14 


(1^ 


In  the  following  calculations,  we  will  substitute  only  (14a).  As  shall  be  set 
the  final  result  can  easily  be  modified  to  include  also  (14b). 


Substituting  (14a)  into  (12)  now  yields 

E  -  2» y*  ^  |f(r)|r  (*  -  t  (|)^)  dr  (1£ 

o  .  ,  •  ■ 


where  we  for  convenience  have  denoted 

X  ■  /?r(sin#  -t-  Vf)  and  t  -  (1« 


We  now  apply  to  (15)  one  of  the  addition  theorems  related  to  Bessel  func¬ 
tions,  namely 

-T  (x+y)-(l+-^^  S  (-1)V (H-fa^  j  (X)  (17 

P  .  .  *  y=o  yl  p  +  y 
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Further,  we  substitute  (2)  into  (16),  integrate  term  term  and  finally  obtain 
after  some  reduction  of  the  first  terms: 

E/  ={1-K)Aj+^A2 

IT  R 

f^[(l-K)  Aj-^a-aK)  Aj-^K  aJ 

[(1-K)  Aj-fd-^K)  Aj+^U-SK)  A^f^  AjJ 

''3-  T  ''el 

-^t\  [(1-K)  Aj-fd-fK)  Aj-^d-lK)  A^  -  A,j 

+  1^3***!*  [<1-'^  A4-|d-|K)  A54.^1-2K)  A^  -  j^d-4K)  A,  A^j 
+  i52‘®[‘'-«  A3-|!1-?K)  A^)-fJ(l-|K)  Aj-^d-|K)  Ajfd-2K)  A, 

(18) 


Xj  *  /?R  (Sind  +  */?) 


for  Vd  =  0.4 
for  ^/D  =  0,6 


It  is  interesting  to  note  that  the  first  two  terms  in  (18)  represent  exactly  the 

well  known  far  field  from  circular  aperture  with  no  phase  distortion  present.  Yet, 

the  argument  is  not  x  =  sine  but  ■  ^R(sind  +  Vf)»  i.e„  the  pattern  has  been 

displaced  by  the  angle 
-If 

0^  =  sin  7f 
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This  Is  what  one  intuitively  might  anticipate  and  the  rest  of  the  terms  in  (18 
can  thus  be  considered  to  be  merely  smaller  correcting  terms  3rielding  directly 
an  expression  for  the  distortion  of  the  pattern.  This  is  fiirther  illustrated  in  fig¬ 
ure  4  where  (18)  has  been  plotted  for  t  ■  1/2  rad  corresponding  to  j  ■  0.1915  A. 

X  ■  3t  ■  1.5  for  ^/D  •  0.4  or 
o 

«-  0.574A  .  «  6t  -  3  for  f/D  -  0.6. 

For  the  purpose  of  comparison,  the  undistorted  pattern  is  also  shown  cor¬ 
responding  to  the  first  two  terms  in  (18).  It  clearly  shows  that  the  side  lobes 
increase  on  the  side  of  the  beam  closest  to  the  boresight  axis  and  that  the  dis¬ 
placement  of  the  main  beam  is  somewhat  smaller  than  0^;  this  is  in  agreement 
with  beam  deviation  factor  introduced  in  references  2  and  8.  It  is  also  seen  that 
a  large  ^/D-ratio  permits  a  greater  displacement  S  for  a  given  distortion. 
Similarly,  figure  5  shows  a  plot  of  equation  (18)  for  t  ■  1  rad. 


FEED  DISPLACED  IN  THE  AXIAL  DIRECTION 

This  situation  is  shown  in  figure  6.  Again,  applying  the  same  approach  as 
in  the  case  above,  it  is  readily  seen  that  the  rays  emerging  from  F*  will  be  de¬ 
layed  by  an  amount  corresponding  to  the  path  F*S  -  <  cosy.  However,  as  the 
feed  is  moved  from  F  to  F*  the  phase  reference  at  the  origin  0  is  changed  by  an 
amount  S  ,  so  that  the  actual  phase  function  is  given 

A  (T)  "  fi  S  (1-C08  r )  (19) 


From  the  geometry  of  a  parabc’oid  U  is  further  known  that 

^^2  2  ‘ 

_  4f  -r 

cos  y  =  — — 


(20) 


Substituting  (20)  into  (19)  yields 


A(^) 


J3i 


1  +  (r/2f)^ 


(21) 
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pntfrn  lor  c^ixvfor  tfioh  with  oH%of  foorl.  /ffuminofion  9{r}  =  1-2  S(r  SINE  (#4-0'f ) 


FIG  6 


To  obtain  a  clear  picture  of  A  (r)  as  a  function  of  r  it  has  been  plotted  in 

2 

figure  7  and  compared  with  (^/R)  ,  It  will  be  observed  that  A  (r)  does  not  devi¬ 
ate  very  much,  particularly  for  large  values  of  f/D-ratio,  Some  comments  are 
in  order  in  regard  to  evaluation  ot  the  diffraction  integral  when  the  phase  func¬ 
tion  is  defined  as 

A(r)-a.(|)P. 

The  writer  has  evaluated  the  integral  for  values  of  p  of  1,  2,  and  4,  and  it 
can  be  shown  that  the  changes  in  the  secondary  radiation  pattern  for  1  *  p  ■  4 
are  gradual  and  continuous  if  “a”  is  held  constant.  In  other  words,  the  error 
resulting  from  the  assumption  that  A  (r)  is  of  the  form 

A(r)  =  a  (|)2  (22) 

is  not  great. 
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1.0 


0  .2  .4  .6  .8 


r 

/R 
FIG  7 


The  constant  “a”  is  simply  given  ly 


a  *  A  (  R)  * 


2  0  i 


Substituting  (22)  and  (2)  into  the  diffraction  integral  (1)  yields 
.R 


=  /  / 


2»  .  \  Pt  sin#  cos  4  -f-  ja  {-)2 

|f(r)(e^  R  rdrd^ 


Now  applying  (11a)  on  (24)  gives 
R 


|f(r)|r  (  /ffrsin#)  e"^  R 


dr 


Hie  evaluation  of  (25)  caii  now  be  performed  in  a  number  of  ways.  For 
I  f(r)|  *1  an  obvious  approach  is  the  application  of  the  Lommel  functions  in  two 
variables  (see  reference  4,  page  434  and  reference  5  page  537),  which  were  in¬ 
troduced  by  Lommel  for  this  purpose.  However,  in  this  presentation  the  writer 
chooses  to  expand  the  exponential  factor  in  the  well  known  form 

X  ®  X  n 

e  ■  2  - 

n*  0  n  ! 

and  thus  to  Integrate  by  parts,  term  by  term  after  first  substituting  (2)  into  (25). 
After  reduction  we  obtain: 

E  :  (l-K)  A  J+ K 


+  j  a  ^(1 

-K)  A^.(JrK)  Ag- 

1  2 
-i.  a 

2  ! 

^(1-K)A^“(1-|k) 

A2+  (f  K) 

vfyj 

31  L 

(1-K)  A^  -  (^2K)  A 

.2+(1-2K) 

A3  -  (J-K)  A^ 

j.  1  ■* 

+  4!“ 

[^(l-K)  Aj-  (2-|k) 

A24'(2-^|k) 

A3  -  (1.|k)  a^ 

(26) 


where 


.  Jn(x) 

L  ■  n!  -y  ^  j 


and  X-  PR  sin^. 


Expression  (26)  is  plotted  in  figure  8  for  ,a  ■  1  and  2  radians.  For  an 
^/D-ratio  equal  to  0.4  this  corresponds  according  to  (23)  to  a  4  =0.284  A  and 
0.568  A  respectively,  \yith  an  Vo-ratio  equal  to  0.6,  this  corresponds  to 
S  =  .54  A  and  1.08  A  respectively. 
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Conclusion 

An  e^qpansion  for  the  far  field  for  a  paraboloidal  dish  with  the  feed  dis¬ 
placed  either  axially  or  transversely  in  the  focal  plane  has  been  obtained.  In 
both  cases  the  ejqiansion  produces  an  expression  the  individual  terms  of  which 
are  the  product  of  a  polynomial  dependent  only  on  x  •  fiRain9>  and  an  e^qponential 
factor  depending  only  on  the  displacement  of  the  feed.  Thus,  once  the  poly¬ 
nomials  have  been  evaluated,  patterns  for  arbitrary  displacement  of  the  feed 
can  ’be  readily  obtained. 
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A  SIMPLIFIED  VARIABLE  POLARIZATION  ANTENNA  „ 

INTRODUCTION 

In  nppiicntioas  wbflre  changes  in  poirxiEntion  are  required,  it  has  been  the  practice  to  effect 
these  changes  through  one  of  the  following  methods:  use  of  multiple  antennas,  transmissioa> 
line  switching,  rotating  quarter-wave  and  half-wave  plates,  and  insertion  or  removal  of  various 
components  such  as  polarizing  elements,  various  feeds  for  refledtor-type  antenaas,  and  wave¬ 
guide  twist  sections.  Effort  was  directed  toward  development  of  a  simplified  variable- 
polarization  antenna  in  which  any  type  of  polarization  —  linear,  circular,  or  elliptical  -  would 
be  readily  available.  Many  of  the  disadvantages  of  previously  used  techniques  would  thereby 
be  eliminated. 

Design  of  the  antenna  was  based  on  a  waveguide  feed  arrangement  in  which  a  polarising 
element  and  the  input  field  were  independently  rotatable  about  the  axis  of  propagation. 

Perhaps  the  most  commonly  used  waveguide  polarizers  are  the  lumped-reactance  and 
dielectric-delay-section  types.  At  millimeter  wavelengths,  however,  difficulties  arise  in 
fabrication  of  the  required  components  and  in  reproduction  of  electrical  characteiistics. 

The  elliptical- waveguide  or  squeeze-section  polarizer*  appears  to  have  significant  ad¬ 
vantages  over  other  types.  Therefore,  additional  effort  was  directed  toward  developing  a 
relatively  simple  means  of  transforming  a  round  waveguide  into  a  waveguide  with  a  cross 
section  which  approaches  an  e. '.ipse. 

THEORY  OF  OPERATION 

In  a  waveguide  of  elliptical  cross  section,**^  if  the  input  electric  vector  is  not  aligned  with 
either  axis  of  the  ellipse,  the  field  is  resolved  into  two  orthogonal  components.  The  electric 
vector  of  one  wave  is  aligned  with  the  major  axis  of  the  ellipse  and  the  electric  vector  of  the 
other  wave  is  aligned  with  the  minor  axis.  These  two  waves  are  classified  as  the  odd  (^TE  j  j) 
and  the  even  (^TE||)  waveguide  modes.  The  cut-off  wavelength  )  differs  for  the  two 
modes,  and  in  general  the  amplitudes  are  unequal.  The  exception  to  the  inequality  of  amplitudes 
occurs  when  the  input  electric  vector  is  aligned  at  an  angle  of  45  degrees  with  respect  to  the 
axes  of  the  ellipse. 

Linear  Polarization 

When  the  input  electric  vector  is  aligned  with  the  major  axis  of  the  elliptical  waveguide, 
the  qTE  j  j  wave  results.  The  ^TE  j .  wave  is  obtained  when  the  input  electric  vector  is 
aligned  with  the  minor  axis  of  the  ellipse.  In  either  case,  the  alternate  wave  is  not  propagated 
and  linear  polarization  is  obtained. 
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Cire^lm 

Tto  f«M«  «av«l«afUi  (X.)  of  o  otfiol  pwyoaiHiif  la  ftmioMooUl  aodo  is  o  koUow 
•ir*fUM  Mvofokio  io  givM  *y 


X 


«1m«  X  •  lltoo  ayoeo  wovoloogUi 

Md  X^~  ootoff  wovoloogtii 

Siaoo  X,  la  dif^oioat  for  tko  ovoo  ood  odd  aodoo  ia  aa  oUiptioal  vavofaido,  or  aqaooao 
aoottoa,  Um  two  wavoo  yaopafaU  tlMoogk  (Ida  aoocioa  witk  dUfacoat  plmao  valooitiaa. 

Tla  para«atara  of  tka  ayoaao  aoetloa  aro  tkoa  ao  oiwoaa  <fcat 


a4ora  L  *  loagtk  of  iXo  afaooso  aactioa 

X^  ~  faida  aravaloagth  hr  Uio  ovoa  laMla 
X^^  =  pUda  aravatoafdi  far  tXo  odd  B»da. 

WItli  Iho  polarlaar  oo  adjoolad  aad  tho  layai  olootrie  voetor  fiaad  at  aa  aafla  of  4S  dofraoa 
witk  raopaat  to  Hm  aaoa  of  tka  oUipoo,  tho  taro  aravoo  ariU  aoargo  froai  tho  polariaar  aoaoatial* 
ly  oqaal  la  aaiiylitada  aad  la  phha*  ^poahaMfOi  tho*  NTd^ltod*  Oooditioa  for  oircalar 
poiarlBatioa. 

ElHfiifCti  foloftaoMoa 

EUiptloal  jyolariaatloo  ia  ohtaiaod  arhoa  tho  aaglo  botarooa  tho  iapat  aloctrio  vactor  and 
aithor  aaia  of  ho  polariaar  ia  othar  thaa  0  dagrooa  or  41  dagraaa.  Tho  ratio  of  tha  aoplitadaa 
of  tho  ovaa  aad  odi  oavogaida  ■odaa  varioa  hr  oaoh  aacih  aaglo  of  oriaatatioa,  and  tharafora 
oUiptioal  polariaatioa  of  any  aaial  ratio  hotwaoa  iiaoar  aad  eirealar  polariiatioa  nay  bo 
ohuiaod. 


DESCKIPTION 

Tho  variablo  polarigadoe  aotaaaa  aaaonbly  ooaaiata  of  a  wavagaido  rotary  joint,  a 
traaaitioa  fron  raotaagaiar  to  rouad  wavagaido,  a  polariiiag  aiaoMat,  aad  a  radiator.  Thaaa  are 
arraagod  ao  tHuU  tho  polariaor  aad  tho  iapat  fio4d  aro  iadopoadaatly  rotatablo  aboat  tho  axis  of 
prapagatioo  (Figaro  1).  Figaro  S  is  a  photograph  of  tho  oxparlnoatal  modal. 

Tho  wavagaido  rotary  joist  is  of  a  ooavaatioaal,  ooBtiavaaaly  rotatablo  typo.  At  laast  on# 
am  is  ooliiaoar  with  tho  axia  of  propagatioo.  Tho  antsona  asod  in  tho  oxpsrimontal  modal  was 
a  oonioal  bom  with  ao  aportaro  appiwimstoly  7X  ia  diamotar.  la  additiaa  to  tho  ooaioal  horn, 
maay  othar  aataeBa  typos  sMy  bo  asod.  Thoy  ii^olado,  bat  aro  not  limitod  to,  oiroularly 
syamiatrie  vartox  foods,  dassograia  syslaoui,  aad  dioloctric  rod  aatonaas. 


2 


SgusiSt-StetioH  Polatittr 

Th«  •i|uMt«>8«ctioa  polarizwr  w«e  fann«d  by  aquMsiag  ronad'Coppar  tubing  witb  na  outnr 
diaiautar  ol  0.875  inch  and  an  ioner  diamatar  of  0.291  iacli  ia  a  collar  davica  ia  which  the 
aaK^at  aad  langth  of  aquaaaa  could  ba  praciaaly  ooalrollad.  Siaca  raaults  vary  for  diffarant 
awtala,  wall  thicknaaaaa,  aad  ao  forth,  it  waa  nacaaaary  to  datarmiaa  axparunaatally  tha 
aquaaa»aactioB  paramatara  raquirad  for  tha  typa  of  tubing  uaad. 

Tha  tubing  waa  firat  conpraaaad  ia  aa  aa»UBt  aad  ovar  a  taagth  kaowa  to  ba  laaa  thaa 
raquirad  for  tha  90-dagraa  diffaraatial  phaaa  ahift.  Than,  tha  amount  and  length  of  the 
aquaaaa  wara  iaoraaaad  by  amall  iacraiaaBta  and  tha  raaulta  naaaurad  alactrically  uatil  tha 
OMagraa  diffnraatial  phaaa  ahift  waa  obtained.  A  smooth  traasition  at  tha  baginning  and  at 
tha  and  of  tha  aquaaaa  sactioa  waa  obtainad  by  using  rollaTa  of  ralativaly  iarga  diamatar. 

Tha  tubing  uaad  for  tha  axparimental  modal  was  compraasad  0.050  inch  ovar  a  length  of 
1.85  iachas.  (Tha  langth  hare  ia  dafinad  aa  tha  cantcr>to>caBtar  travel  of  tha  roUars  ^ong 
the  tubing.)  Thia  oomprassioa  rasultad  in  a  maasurad  ianar  orosa  sactioa  with  a  major  axis  of 
0.801  inch  aad  a  minor  axis  of  0.266  inch.  Electrical  maasuramants  indicated  that  the  required 
9(^dagraa  diffarantial  phaaa  shift  was  obtainad  at  tha  design  (raquancy  of  38.6  gigacyclaa  with 
tha  dimaaaioaa  given  above. 

Tha  parameters  as  daterminad  by  the  above  pcocadura  were  used  ia  tha  fahricatioa  of 
additional  squeaia  sections.  Tha  electrical  characteristics  wara  easily  reproduced  with  a 
minimum  of  time  aad  effort. 


EXPERIMENTAL  PROCEDURES 

Polarisation  patterns  were  measured  by  means  of  tha  axparimental  setup  diagrammed  in 
Figure  4.  Tha  variabla>polarisatioB  antenna  was  used  as  a  receiver.  Tha  transmitting 
antenna  was  a  pyramidal  horn  with  approximately  22>db  gain,  which  was  arranged  to  rotate 
about  tha  axis  of  propagation.  The  position  information  was  fed  to  a  polar  recorder  by  a 
synchro  link.  Tha  patterns  ware  plotted  on  a  relative  voltage  scale  at  tha  design  frequency 
of  88.6  gigacyclas.  The  receiver  gain  was  adjusted  to  maintain  the  amplitude  near  full  scale 
for  each  polarisation;  hence,  these  patterns  do  not  show  the  variation  in  signal  strength  as  the 
polarisation  changes  from  linear  to  circular. 

Linear  PolarieeUion 

To  demonstrate  the  availability  of  linear  polarisation  and  to  show  its  rotation  about  the 
axis  of  propagation,  the  input  electric  vector  was  fixed  in  alignment  with  the  minor  axis  of 
the  squeese  section.  The  polarizer  and  rotary  joint  were  then  rotated  in  unison  in  discrete 
steps  through  the  range  S  =  —90”  to  S  =  -t-90”,  where  S  is  defined  as  the  angle  between  the 
polar  axis  and  the  minor  axis  of  the  squeese  section.  (Refer  to  Figure  5.)  The  polarization 
patterns  taken  are  shown  in  Figures  6  through  10. 

Elliptical  Polarization 

In  the  case  of  elliptical  polarisation,  any  axial  ratio  between  linear  and  circular  may  be 
chosen.  The  polarization  ellipse  may  be  fixed  in  auy  position  about  the  axis  of  propagation 
or  may  be  continuously  rotated.  Rotation  of  the  polarization  ellipse  is  accomplished  as 
follows:  The  input  electric  vector  aad  the  minor  axis  of  the  polarizer  (taken  as  the 
reference)  are  first  aligned  at  the  angle  carresp<Hiding  to  the  desired  axial  ratio.  The  rotary 
joint  and  the  polarizer  are  then  rotated  in  unison  continuously,  or  turned  to  any  position 
about  the  axis  of  propagation. 

To  measure  the  variations  in  elliptical  polarization,  the  orientation  of  the  input  electric 
vector  was  fixed  and  the  polarizer  rotated  in  discrete  steps  through  the  range  y  ~  -45"  to 
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y  *  til*,  «kac«  y  ia  dallMd  m. ilM  aafla  iMtVMMi  th«  iapat.alMldo  vador  mI  tit  aiMr 
txJt  af  lla  polwiaar  (Figaia  11). 

Aa  palariaaUaa  paMana  Ibr  y  *  (Fiiata  18)  aaly  *  til*  (Figaia  It)  alwy 
aaaadially  atraalar  polariaattoa  arltl  aa  aaid  catio  laaa  tkaa  OJI  db.  Ila  paltaraa  liar  aaglaa 
iMtwaaa  y  *  #*  aai  y  *  ~il*  (Figana  li  tlroiigl  IT)  aai  lor  aaglaa  hataraaa  y  -  0*  aad 
y  =  til*  (ligaiaa  11  tikiaagli  81)  iadleaia  Aa  laaga  af  aUiptieal  poUriaatioaa  bataNMa 
Uaaar  aad  aiiaalar. 

Tba  aaaaa  af  tha  akaalar  ar  alitpilaai  polariaatka  (right  ar  lafi)  ia  iapaaiaat  apoa  akatbai 
y  ia  paaMaa  or  aagativa.  (8aa  Figara  88.) 

BrndmUarndYmM 

A  baaiaiiib  af  appwalMalaly  10  paraaat  abara  Aa  axial  ratio  dM  aot  axeaad  1.S  db  waa 
aMaaarad  lor  Aa  rgaaaaa  aaatioa  paUriaar  iavaatigatad.  Tba  baadaidA  lor  rotatiag  liaaar 
polariaatioa  ia  Aa  variabla  palarisatiea  aaHaaaa  ia  Uaiitad  ealy  by  Aa  baadaidA  of  Aa 
oircalar  araaagaida  aaad,  ia  ooairaat  A  Aa  iitraaialy  aamm  baadaidA  obtaiaad  by  davicaa 
abiab  atiliaa  a  bal^aava  pi  Aa  A  aliaet  taAthig  liaaar  polariaatioa. 

la  aidar  A  dalamlao  Aa  affaet  of  Aa  Iraaaitioaa  fooaad  A  aqaaaaiag  Aa  loaad  aavagaida 
iaA  M  alliptlAl  ibopa,  Aa  aavagaida  rotary  Joiat  aaa  raaiovad  froa>  Aa  ayataa  aad  VSWk 
■oaaaMMoA  a«A  aada  A  Aa  iapat  A  Aa  faotaaiilar4oHroaad  aavaguida  traaaitioa.  Tba 
VSVI  oanraa  lor  vvlooa  oriaaAtioaa  of  Aa  agaaaaa  aaetioa  polariiar  aiA  raapact  A  Aa 
iapat  alaotria  aaoAr,  aa  Aoaa  A  Figara  21,  iadicAo  a  aall-oMUcbad  daviea. 


CONCLUSKBfS 

A  lalativaly  aioipA  AAaigaa  aaa  davioad  for  fonaiag  oa  aliiptical  aavagaida  or 
■gatAa  aadioa  polariaar  AA  dooKMalraAa  Aa  capacity  lar  axoalloai  raprodoctioa  of 
alaetrAA  ebaraotariatieo.  Tbia  ^i^  aa^  ^wai^ufai  «|A  ypvagvida  rotatiag  joAt  A  Iona 
Aa  variabA  polariiaatioa  aAaaaa.  Bxpariiaaata  aboaad  AA  aiA  Aia  aaAaaa  aay  typa  of 
polarAatioa  ia  raadity  availabA.  I^Aaar  polariaatioa  aay  ba  fixad  ia  aay  plaaa  oboat  Aa 
axia  of  propogatioo  or  ai^  ba  oootAaoaaly  rotatad.  Bigbt  or  loft  aliiptieal  polwiiatioa  of 
aay  dMirad  axial  ratA  bAwaaa  liaaar  oad  circolar  aay  ba  aalaoAd.  Tba  pdarixatioa  ailipoa 
my  ba  fixad  ia  any  AraetAa  aboot  Aa  axia  of  propagation  or  Bay  ba  coatAaously  rotated. 
Tbia  vori Ala  polariaatioa  antaaaa  aill  bava  may  prarstioal  applicationa  ia  Aa  flaida  of  radar, 
ooBwwaicatiooa,  and  oooaArmaaaraa. 
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ON  TBK  OESION  AMD  EVALUATIOll  OF  HP  AIRPIAJOS  OOMSJinCATIOlU  AlflBfNAii 


A.  E.  Llpp  aoi  D.  E.  Hutchlncon 


Boeing  Airplane  Dirlsion  Renton,  Waahln^.ton 


SUMMRT 

Thla  paper  deecrlbea  a  metbod  of  determining  the  syatem  power  gain 
required  by  an  HP  airborne  system  to  provide  a  prescribed  eommunica- 
tlons  circuit  reliability.  The  method  Includes  the  effects  of  carrier 
power,  .skyvmve  propagation  loss,  noise,  receiver  bandwidth,  antenna 
ra*liation  pattern  wkL  required  signal-to«aolse  ratio.  The  nodes  of 
propagation  considered  are  P>layer,  E«layer,  and  mixed  t  and  F  layers 
jf  the  ionosphere.  The  method  can  also  be  used  to  predict  the  reli¬ 
ability  of  existing  or  proposed  antenna  systems. 


INTRODUCTION 

Ihe  HP  antenna  systems  generally  used  on  subsonic  aircraft  such  as  the 
KC-133  have  been  well  defined.  However,  for  high  performance  airplanes, 
Figure  1,  where  variable  geometry  is  employed,  these  systems  present 
certain  prObleae  and  In  some  cases  become  Impractical.  In  view  of  theee 
problems,  a  program  %as  Initiated  at  The  Boeing  Coeqmny  to  determine 
suitable  methods  of  enltlng  radiating  currents  on  both  small  and  large 
variable  geometry  airplanes.  Since  a  new  generation  of  elecluonlcs 
would  be  used  on  these  airplanes  a  method  of  predicting  the  system 
power  9tln  and  thus  the  carrier  power  required  to  provide  a  prescribed 
circuit  reliability  vas  sou^t.  A  number  of  methods  have  been  developed 
for  the  evaluation  of  HP  airplane  antennas.  1,2, 3, k,^, 6*  Five  of  the 
methods  1,2,5Aj$»  however,  tend  to  rate  all  antennas  the  same  such 
that  it  Is  usually  possible  to  select  the  one  that  Is  most  convenient. 
Reference  o  presents  a  method  whereby  a  factor  of  merit  can  be  deter¬ 
mined  for  amplitude  aodulati<Mi,  a  200  to  3000  alia  ccasainlcations 
range,  a  zero  db  signal-tc-nolse  ratio  (SNR),  and  for  refleetlooe 
from  the  P-layer  of  ionoephare.  With  the  event  of  the  use  of  digital 
conounlcations  syatema,  requiring  hl^er  SNR,  and  the  use  of  BP  on 
fighter  airplsnee,  where  the  casmunleation  raegee  may  be  leee  than 
1000  milee,  it  was  fslt  an  approach  whereby  the  time  availability  of 
a  prescribed  slgxial-to-nolse  ratio  could  be  predicted  would  be  more 
applicable . 

A  search  of  the  literature  was  mads  and  \m»  found  thf't  the  National 
Bursau  of  Standards  had  an  sxlsting  digital  computer  program  capable 
of  predicting  HP  ekywave  cocmunlcatlons  circuit  reliability.  Thla 
report  deals  primarily  with  the  implementation  of  this  program  such 
that  ths  rsllabinty  of  e  large  number  of  circuits  taken  to  be  typical 
of  those  that  wvild  be  encountered  in  praw;tice  could  be  csQ^culated  and 
thus  predict  the  systea  performance  of  airplane  HP  skywave  coasunica- 
tions  systems. 


*  The  references  are  listed  at  the  end  of  the  report 
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Caieulatlona  to  doto  obow  thAt  for  obort  poth  lon^^thi,  90  to  720 
Mutloal  BilM,  is  plftcod  on  hlfib  ooglM  of  xmdlatlon  and 

ttw  lov  «Dd  of  tbo  2  to  30  ae  froquooey  rango.  At  tho  longor  rangM 
200  to  1800  aautleal  allM,  MphMld  1*  plaeod  on  lov  anglM  of  radia¬ 
tion  and  tho  uppar  and  of  tha  EF  fraquanejr  ranAa<  For  tha  abort  path 
lanctbi  a  alncia  antanna  ax^  1000  aatt  carrlar  or  two  antarmaa  fmd  a 
2;$0  vatt  oarrlar  will  prorlda,  in  tna  aajorl^  of  tba  eaaaa,  a  90 
paroant  elreult  rallabllity  vhera  tba  raqulrad  algnal-to-nolaa  (SRR) 
la  3  db  in  a  3  KC  bandwidth.  For  tba  loogar  cotaatnl cation  rangaa, 

200  to  IdOO,  oaletilatlona  ahov  that,  in  aoaa  inataneaa,  tba  powar 
gain  raquirad  to  provlda  a  90  pareant  elreult  rallabillty  ara 
lagraetioal  for  alxbcma  ajataaa. 


dAim  CALCULATlOn  AMD  RBOUrS 

In  V  Sksraava  oonaamlcatlona  eireulta  tba  avallabla  algnal  power  and 
nolaa  power  ara  aubjaot  to  day-to-day  varlatlona:  tbarafora,  whan  the 
required  aignal-to-nolae  ratio  (hourly  nedlan  algnal  to  arerage  noiae 
vltbla  tba  boura)  equala  tba  available  algnal-to-nolaa  ratio  (aontbly 
I— <»<*»»  of  tba  hourly  aadlan  algnal  relative  to  the  aadlan  noiae  within 
tba  tla«  bloek)  tba  elreult  nay  ba  expaetad  to  have  aeeaptable  quality 
oa  half  of  tba  days  within  tba  aontb^  or  tba  probability  of  aatlafaetorj 
parfoanaaaea  on  any  given  day  will  ba  0.$.  Ihla  probability  of  Mtiafae* 
toay  al^aal-to-noiaa  ratio  at  a  given  ttour  la  defined  aa  elreult  zallabi 
Ity .  Aa  tba  avallabla  aignal-to-nolae  ratio  exeeeda  the  reqxilred  algna 
to-nuiae«  elreult  reliability  will  inereaae.  Flguree  2  through  6  give 
tba  eatlaa^  reliability  for  eireulta  harii^  tbalr  control  point(a) 

( lonaapbarlc  refleetloo  point)  at  varloua  gaoeagnatie  latitudaa .  Thaaa 
reliability  ooatoura  ware  datemlned  froa  the  avplltude  probability  die* 
trlbutlon  of  the  algnal  and  tha  aaplitude  probability  dlatributlon  of 
tba  noiae  and  ware  eeleulated  by  the  Ifatlonal  Bureau  of  Standarda^ 

Tbaae  eurree  were  uaed  to  predict  both  the  required  antenna  gain  and 
the  reliability  for  a  given  antenna  aystea. 


A.  Baquired  Antanna  Gain 

In  tba  dealgn  of  an  antanna  aystaa  It  la  naeaaaaxy  to  Imov  tha 
raq^irad  antenna  radiation  pattern  eofverege.  For  BT  Skyauve 
eireulta  the  required  antenna  gain  and  direction  of  redlatlon 
la  a  funetion  of  lonoapherle  eondltlooa  and  la  not  raadlly 
oalculatad.  Tbarafora,  ualngtba  eurraa  in  71guraa  2  through  6 
and  tba  digital  eaeqputar  prograw  on  HF  Skywava  propegatloiT 
a  ooepoeite  prograa  waa  wrlttan  vbaraby  tba  antanna  pattam 
gain;  Flguraa  7,  8,  and  9,  requirad  to  provlda  a  praaerlbad 
elreult  raliabUity  for  lazga  ausbar  of  poatulated  patha 
could  ba  oaleulatad.  Mach  circuit  vaa  daaerlbad  by  13  para- 
aetcra;  path  laogth,  path  direotionj,  reeaiver  location,  tlaa 
at  reealTing  alto,  aaaaon,  aunapot  nuabar,  baat  oparating 
frequaney,  nolaa,  reselver  bandwidth,  carrier  power,  antenna 
redlatioo  patteme,  required  algnal-to-nolae  ratio  and  elreult 
reliability,  foe  each  path  the  beet  operating  frequency,  tn- 
cldenee  en^e  at  the  loooapbere,  eorreepondlng  airplane  eleva¬ 
tion  and  aclautb  angle,  and  available  nedlan  algt»l-to-nolce 
ratio  (SXR)  were  oaleulated.  The  required  available  SMR,  at 


the  rr«qu«ncy  corrMpondlng  to  the  beat  operating  frequency, 
vaa  then  detemined,  for  a  preacrlbed  circuit  reliability,  froe 
Figurea  through  6.  Ibe  required  SIIR,  in  a  one  cycle  per  aecond 
band,  la  the  SIIR  required  by  the  receiver  to  perform  pronerly. 

For  example  In  voice  eoBBunlcatlon  a  db  SNH  in  a  one  cycle 
per  second  band,  depending  on  the  vc^itilary  used,  vill  reault. 
in  as  32  percent  word  Intelligibility.  Ttie  required  antenna 
gain,  relative  to  a  prescribed  carrier  power  and  an  Isotropic 
radiator,  la  the  difference  between  the  required  available  SNR 
and  the  corresponding  calctilated  available  SNR.  After  each  ca:* 
culation  the  required  gain  was  coaqpared  to  -1000  db  and  the 
aaxlinun  and  average  values  grouped  according  to  airplane  eleva¬ 
tion  angle  (O)  and  frequency.  The  airplane  elevation  angle  0 
was  aaasured  fren  the  zenith  while  the  airplane  azljouth  angle 
was  nsasured  countereloekvlse  froo  the  airplane  ooee. 

The  required  antenna  gain.  Figures  7,  Q,  and  s  was  calculated 
for  two  eases;  one  for  short  ranges  where  the  control  points 
sre  below  60  degrees  geomagnetic  iatitxide,  temperate  zone,  and 
one  for  long  range  eomnmieations  where  the  control  points  are 
both  In  the  temperate  and  In  the  auroral  4i«ne,  above  60  degrees 
geomagnetic  latitude.  Table  one  gives  the  positions  of  tha 
tranamltter,  the  receiver  location  being  the  variable,  and  tha 
paraaetera  daflnlng  aach  circuit. 

Z9 

Both  man-made  and  atmoephcric  noise  were  considered.  Figure 
10  shows  the  median  level  of  typical  man-made  noise,  and  for  two 
stonepherle  noise  grades*  The  ataxmipherle  noise  levels  arei 
shown  for  comparison  purpoaea  only.  The  nan-made  noise  In  the 
case  of  the  short  ranges,  which  were  takm  to  be  typical  of  a 
fighter  airplane,  was  taken  to  be  that  typical  of  a  rural  area, 
while  In  the  ease  of  the  longer  nuiges,  which  were  taken  to  be 
typical  of  a  caoMrelal  overseas  airliner,  the  man-nsde  noise 
was  taken  to  be  that  of  a  typical  remote  area.  In  both  easM 
the  eoeqiuter  selected  idilch  ever  was  greater,  man-made  or 
atmoepberlc  noise,  and  used  this  value  In  calculating  avail¬ 
able  slgnal-to-nolse  ratio.  The  reason  for  selecting  different 
man-made  noise  levels,  was  that  In  the  tactical  case  the  receiving 
antenne  any  not  be  located  remotely  from  the  trensmltter  or  be 
placed  In  a  remote  aree.  This  would  be  especially  trua  in  the 
ease  of  aircraft  carriers  and  moblls  ground  units.  Since  the 
noise  was  considered  to  be  equal  In  all  directions  and  the 
receiver  to  be  external  noise  limited,  the  receiving  entenna 
gain  was  taken  to  be  zero. 

The  distribution  of  the  required  antenna  gain  shows  that  for  tha 
short  ranges  90  to  720  nautical  ailaa  importanea  la  plmcad  on 
high  angles  of  radiation,  small  airplane  elsvation  anglas,  and 
low  frequencies;  while  for  the  longv  communications  ranges 
isrportanee  la  placed  on  low  angles  of  radiation,  high  airplane 
elevation  snglae,  and  high  frequencies.  In  the  case  of  naLll 
alrplanee,  were  the  airframe  ammdMnw  are  small  In  tarns  of 
radio  wavelengths,  this  Is  a  dloadvantaga  In  that  It  nmy  be 
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dlffleult  to  oHalxi  a  roMoanblo  powtr  tzvoofor  «fflei«fiegr. 
mi  !•  to— ilMt  offMt  la  that  tha  gain  at  tha  lov  fraquanclaa, 

2  to  %  m,  it  lo—r  thaa  that  raquirad  la  tha  r— alalng  portion 
of  tha  haaA.  far  oparatioo  la  tha  taaparata  sona  tha  ra^rad 
ffda  aaluat  art  raatonahla  for  alzhorna  ijata— .  Bowavar,  for 
eireuita  that  hava  thalr  eoatrol  polnta  la  tha  auroral  lonaa 
tha  — tlMM  galaa  baco—  hi^fix  aal  ara  not  praetloal  for  aiz^oma 
lyat—a.  Bo— r,  it  la  fait  that  tha  — xliaai  galna  ara  rKpilrad 
for  a  a— 11  aui^ar  of  patha  and  that  a  lovar  gain  aagr  not  graatly 
dagrada  tha  orarall  ayat—  parfonanea.  Thla  vUl  ba  az— load 
la  tha  naxt  aactlon. 

Siaea  rallahllltgr  la  a  function  of  tha  dlffaranea  bat—  tha 
amUahla  and  raquirad  o—  oyela  band  SMR  tha  dlatrlbutlona 
ahoan  la  Flguraa  7  through  9  oaa  ba  uaad  to  dataralna  tha  oarrlar 
po— r  or  anxltai  aatanna  gala  for  othar  raquirad  SNR.  Tha  oaa 
egrela  band  SHI  oaa  ba  ooarartad  to  othar  baadvldtha .  for  aaaapla 
a  3d  db  0—  eyela  band  OKR  la  aqulaalant  to  a  3  db  SNR  la  a  3  KC 
bandwidth.  Thua  for  a  oazrlar  power  of  200  watta  ona  baa  tha 
aaxfa—  aatanna  gain  for  a  o—  eyela  band  SIR  of  3d  db. 

flguraa  11  through  l6  ahov  tha  dlraetlra  pattern  galna  of  a 
notch  fad  vartloal  atahlUs—  az4  ahunt  fad  wing  atzmkea  on  a 
typical  nurlahla  wing  flglitar  airplane.  Iba  galna  ara  for  tha 
winga  In  tha  —apt  poaltlon  and  a  po— r  tranafar  afflelancy  of 
100  pareant.  Tha  ahunta,  placed  In  each  wing  atraka;  ware  fad 
aueh  that  ay—atrlc  nodaa  of  curranta  ware  aneltad  on  tha  winga. 
Oooparlaon  of  tha  required  antenna  gain  and  tha  gain  Taluaa  In 
flguraa  11  through  In  aha—  that  tha  notch  antenna  will  prorlda 
tha  batter  radiation  pattam  coraraga  and  that  a  oarrlar  power 
of  1200  watta  la  raquirad  to  prorlda  a  reliability  of  90  pareant 
for  a  0—  eyela  band  SIR  of  33  db. 

dntaoaa  gyat—  Braluatlon 

TO  predict  tha  parfornaaca  of  a  glran  antenna  ayat—  the  reliabil¬ 
ity  waa  ealculatad  for  a  large  nunhar  of  poatulatad  eo— unlratlona 
eireuita.  for  each  circuit  tha  beat  operating  fraquaney.  Incident 
angle  at  tha  lenoaphara  and  avaUi^la  ona  cycle  band  aig^-to- 
nolaa  ratio  waa  — Iwilatad  for  laotrople  radlatora  and  a  praacrlbad 
oazrl—  po— r.  The  —tan—  gain  at  tha  con— ponding  fjrcquaney, 
alrpla—  elevation  and  asiouth  angle  waa  aalactad  fron  a  table  of 
antan—  gal—  and  w—  added  to  the  calculated  avallahla  SIR.  Tha 
gr— tar  of  the  direct  ware  or  tha  ground  raflaetad  ware  (a  -  3  db 
ground  1— a  waa  aaa— ad)  waa  uaad  —  tha  — tawoia  gain  value.  Tba 
reliability  w—  th—  dataralnad  fr—  flgur—  2  through  6  anl  tha 
raquirad  o—  eyela  band  sm.  flgur—  17  and  Id  ahow  the  circuit 
raliablUtr  dlatrlbutl—  for  a  100  to  TOO  nautical  oo—unl— tio— 
ranga,  a  100  — tt  oarrlar  pc— r,  t—  alrpla—  haadinga^  a  raquirad 
ooo  eyela  band  Sffi  of  3d  db  and  tha  xwteh  fad  atablllsar  ndiatlon 
patter—  abown  In  flgur—  11,  12,  and  13.  The  alrpla— 
ware  north  and  w— t  reapactlvaly.  The  dlctrlbutlo—  ahow  that  tba 
□—bar  of  eireuita,  fOr  each  heading,  haring  a  reliability  of  90 
pareantjara  approxl— taly  aq— 1.  Rsml— tlcn  of  tha  raquirad 
antan—  gain  data  prior  to  baliqp  aortad  into  angla-fraqu— cy  groupa 


•hoiMd  that,  for  abort  elretd.t«  having  tbalr  ionoopharic 

raflaetion  polnta  belov  60  degraao  gaoaagnatlc  Latitude,  the  gain 
In  moot  of  the  cireulta  varied  only  slightly  with  direction.  For 
long  range  circuits  vhere  the  reflections  can  fall  both  In  the 
teaperate  zoom  and  aurond.  zone  the  gain  as  a  function  of  direction 
varied  as  eueh  as  1^  db,  and  as  a  result  of  radiation  pattern  nulls 
the  reliability  for  some  headings  vould  be  reduced  and  at  least 
four  airplane  headings  should  be  used.  Figure  19  shoes  the  circuit 
distribution  for  a  1200  eatt  carrier  pover,  a  north  airplane  beading 
and  the  notch  antenna.  Figure  20  shoes  the  circuit  reliability 
for  a  200  eatt  carrier  and  an  antenna  gain  pattern  consisting  of 
the  naxlaua  vsluss  of  the  gain  for  ths  notch  and  shunt  fsd  eing 
strakss .  The  distribution  Indicates  that  by  using  teo  sntanna 
systsns  and  a  svitchlng  arrangeuant  ths  transmitter  earner  poeer 
required  to  provide  a  given  reliability  could  be  approxlaately 
6  db  lower  than  for  a  single  antenna. 

It  is  felt  that  this  vould  be  more  appxleable  to  large  airplanes 
where  weight  and  space  Is  not  as  critical.  For  alrplanea  whsre 
cotanunieatlons  is  predomlnstely  off  the  nose  and  tall  the  antenna 
locations  and  dssign  could  be  such  that  a  ooderate,  4  db,  forward 
and  aft  gain  could  be  Maintained.  Thla  would  be  eapecially  appli¬ 
cable  to  long  and  short  suroral  circuits  whsre  high  power  gains 
are  required. 

It  was  previously  msntloned  that  the  overall  system  parfbzmanee, 
as  s  result  of  the  high  required  maximum  gains  (Figures  7  and  6), 
may  not  be  greatly  degraded.  IPo  Illustrate  this  the  circuit 
reliability  distribution  Figure  21  was  calculated  for  an  airplane 
antenna  taavlxlg  a  zero  db  gain,  required  one  cycle  band  SHR  of 
3^  db,  and  a  carrier  power  of  2y>  wettSv  The  distribution  shows 
that  82  percent  of  the  circuits  have  a  calculated  reliability  of 
9C  pareent  or  greater,  97  percent  have  a  rallabillty  7!$  percent 
or  greater,  96  percent  have  a  reliability  of  y)  percent  and  that 
only  2  percent  have  a  rellsbllity  less  than  ^  percent.  Tible  2 
gives  the  condition  for  which  the  distributions  were  calculated. 

The  distributions  shown  In  Figures  17,  l8,  19,  20,  and  21  hold 
for  other  required.  SHR's  If  the  transmitter  power  Is  Increased 
or  deeressed  accordingly.  In  each  ease  equal  importande  was 
given  to  all  azimuth  angles.  However,  pattern  weighting  In  the 
azimuth  plane  can  be  Mconq)llshed  by  making  calculations  only 
St  ths  airiilane  angles  desired.  For  example  one  may  daslre  only 
to  Include  the  azimuth  angles  plus  aiad  minus  6c  dsgrjes  from  the 
nose  and  tall  of  the  airplane. 


conciJUBxoie 


A  atthod  of  prodletlnc  Um  eoBwaleatlooi  elreiilt  r«l lability  of 
atrbornt  HF  ayatau  haa  ba«n  outllnad.  Ttaa  aathod  takea  Into 
account  antenna  pattama,  carrier  power  and  required  si{pml-to« 
noiae  ratio.  Tbtn  are  aooM  areaa  open  to  •ilaeuaaion.  The  levei 
of  rean-oade  noiae  in  the  eaae  of  the  abort  rangea  may  be  too  nigh 
and  in  tlie  oaae  of  the  long  rangea  may  be  too  low.  It  waa  aaaumed 
the  aan-aade  noiae  at  the  airplane  la  leaa  than  that  of  the  grotmd 
alte  aueh  that  air-to-air  circuit  reliability  would  be  equal  to  or 
greater  than  the  air-to-ground  reliability.  Ihia  inf  era  that  tlie 
airplane  la  deaigned  aueh  that  the  man-made  noiae  ia  1 caa  thar. 
that  of  the  ground  a ilea.  In  either  caae  the  maninade  noiae  ia 
leaa  than  that  of  the  ground  altaa.  In  alther  caae  the  man-nace 
noiae  should  be  minimized  and  the  leral  detasnlned  prior  to  clrctvit 
reliability  pradletiona.  The  method  ahowa  that  air-to-ground 
e<jnnunlcaticna  carrier  newer  required  for  relatively  long  aurora^ 
cireiiite  are  prohibitive  for  airborne  >tee  euid  tlat  tlie  required 
antenna  gain  iiatrlbutlon  would  be  more  ueefuJ  If  the  oaxls.um, 

percentile  ana,  ?(•  percentile  level  of  tiie  gain  were  determiiied. 
It  ia  anticipated  that  the  program  vlll  be  up-dataid  to  ineluda  Ute 
alcove  values  and  to  detamine  the  actual  ground  loaeea  aesoelated 
with  the  antenna  gain  uaad  in  tha  ealeulationa . 
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r  RE  a  UEOC  Y  -  t:£9AC7CLE3 

Cliart  to  Zstimate  Nighttime  Reliability  of  S]^y*Wav9 
Circuit*  Below  60*  Geomagnetic  "Latitude 


FIGURE  2 


£0  £8  30 

ficootua-  ttCMCYCLCS 


Chart  to  Eatiznato  Daytima  Reliability  of  Sky-Wave 
Cireuita  Below  60*  Geomagnetic  Latitude 
nooRs  3 


Chart  to  Ectimat*  RalUbility  of  Short  Auroral 
Circuits  (Circuits  4''00  Km  or  Loss  with  Circuit 
Mid  Point  Bstwosa  .>J*  and  70*  Gsomagnstle 
Latituds). 


I7GURE  k 


Chart  to  EfCimato  Roliability  of  Long  Auroral 
Cireuita  (Circuit*  Creator  than  4000  Kmi  with 
Odo  or  Both  Control  Points  Botwoon  60*  acMl 
70*  Coom^gnatie  Latituda). 


nOORB  3 


E.timat*  ReUability  of  Polar  Circuit. 
(  U  Circuit  Control  Point.  Abov.  70*  Gaomag. 
a. tic  Latitude).  v  w^omag. 


FIGURE  6 
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xupnaioK 


Raquirvd  Antanm  Oaln  Dlstrlbutloii  (200  to  l800  M.M.) 


Required  Aatenm  Oeln  Distribution  (200  to  iGoo  N.M.) 
riOURB  6 


FREQUENCY  IMEGACYCLESI 


LVotlon  (90  to  720  M.n.) 


TABLE  1 


I 


Condltlona  for  Required  AnteiuMt  Gain  Calculation 

I  .  •  ' 

I  Short  Range  (90  to  720  N.M.)  Long  Range  (200  to  1800  If.M.) 


Locatlone:  Latitude  Longitude 

15  M  105  E 

3t)  N  52  B 

46  If  12  E 

30  If  60  w 

35  N  68  w 

33  K  107  W 

Latitude  Longitude 

40  N  73  W 

48  N  2  B 

51  N  27  W 

37  N  25  W 

65  N  148  W 

59  N  18  £ 

49  M  54  W 

64  N  22  V 

Direetlone: 

Dlatance 

North,  South;  East 
and  west 

North,  South,  Bast 
and  West 

Inereaente: 

d  at  90  N.M.  Bach 

9  at  200  N.N.  each 

Tlmea  of  Dey: 

0200  -  0600  -  1000 

1400  -  1800  -  2200 

0200  -  0600  -  1000 
1400  -  1800  -  2200 

Seasons: 

January  •  April 

July  -  October 

Janimry  -  April 

July  -  October 

Carrier  Poeer: 

100  Watts 

100  Watts 

Mnn-Msde  Ifbise: 

Rural 

Rural 

Required  SIR: 

35  <ib  in  1  CPS  Band 

35  db  in  1  CPS  Band 

Sunspot  Ruinbers: 

10-50-130 

10  -  50  -  130 

Total  Circuits: 

13*824 

20,736 
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DUfflCTIVE  OAlie  FOR  liOTCH  FED  VERTICAL  STABILIZER 
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A  NEW  CLASS  OF  ELECTRICALLY  SMALL  ANTENNAS 


by  Richard  C.  Fenwick 
Collins  Radio  Company 
Space  Systems  and  Antennas  Division 
Dallas,  Texas 


ABSTRACT 

This  paper  describes  a  new  class  of  electrically  small  antennas  which 
incorporate  resonant,  half  wave  windings.  The  principal  advantages  of  these 
antennas  are  the  resistive  input  impedance  and  the  radiation  resistance  trans¬ 
formation  which  may  be  obtained  within  the  structure.  A  simple  transmission  line 
theory  is  presented,  by  which  antenna  efficiency  and  bandwidth  may  be  calculated 
to  a  useful  accuracy.  Experimental  methods  and  results  are  described  for  antennas 
in  the  order  of  .01  wavelength  in  height  and  .05  wavelength  in  diameter. 


INTRODUCTION 


One  form  of  electrically  short  antenna  which  has  been  commonly  used  in 
the  past  in  a  variety  of  configurations  is  a  transmission  line  fed  against  a  ground 
plane,  as  shown  in  Figure  1. 


h«X 
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Figure  1.  Basic  electrically  small  antenna  structure 


The  terminating  impedance  Z^,  is  frequently  an  open  circuit,  and  L  is  approximately 
a  quarter  wave  long  to  give  a  resonant  input  impedance.  Also,  is  often  a  capac¬ 
itance,  tunable  to  obtain  a  resonant  input  over  a  band  of  frequencies.  In  other 
instances  Z-p  is  a  short  circuit,  and  L  is  a  quarter  wave  long  or  less,  so  that  an 
anti-resonant  input  is  obtained  over  a  band  of  frequencies  by  tuning  a  shunt  capac¬ 
itance  at  the  feedpoint.  This  configuration  is  sometimes  called  a  "strap  antenna." 
The  tuning  range  can  be  extended  by  shorting  the  transmission  line  with  relays. 
Another  condition  is  that  where  Zj  is  a  short  circuit  and  L  is  of  proper  length, 


approxlaately  «  half  wave,  so  that  the  input  is  resonant.  Such  a  structure  Is 
shown  in  Figure  2,  with  Its  current  distribution.  Note  that  the  currents  In  the 
vertical  laeadiers  are  equal  In  amplitude  and  in  space  phase. 
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llgure  2.  Basic  half  wave  electrically  small  antenna 


Ihls  antenna  offers  several  advantages  over  the  qvcarter  wave  open  circuited  . 
structure,  the  principal  one  being  the  possibility  of  obtaining  a  large  radiation 
resistance  transforsiatlon  at  the  Input. 

The  structure  of  Figure  2  radiates  a  predominantly  vertically  polarized 
wave,  due  to  the  phase  reversal  In  the  horizontal  conductor.  The  azimuthal  pat¬ 
tern  Is  bidirectional, . In  directions  perpendicular  to  the  plane  of  the  structure. 
If  the  horizontal  conductor  Is  wound  up  In  some  manner  parallel  to  the  ground  plan 
so  that  the  vertical  leads  are  brought  within  a  quarter  wavelength  or  so  of  each 
other,  the  azimuthal  radiation  patterns  will  be  substantially  omnidirectional. 

In  addition,  the  overall  dimensions  of  the  structure  can  be  substantially  reduced 
by  the  winding  technique  without  necessarily  affecting  the  electrical  properties 
of  the  antenna.  Such  %K>und,  half  wave  structures  are  the  subject  of  this  paper. 
Figure  3  Illustrates  one  form  that  the  winding  may  take. 


Figure  3.  Electrically  small  antenna  with  simple  flat 
spiral  winding,  an  electrical  half  wave  long 


THEORETICAL  MODEL 

Even  though  the  transmission  line  connecting  the  two  vertical  radiators 
Is  wound  up,  hence  coupled  to  itself.  It  has  been  found  satisfactory  to  consider 
that  for  a  uniform  winding  a  unique  characteristic  Impedance  for  the  trans¬ 
mission  line  exists.  The  value  of  depends  on  the  coupling,  of  course,  and  Is 
not  strictly  constant  along  the  winding  In  many  configurations.  Including  that  of 
Figure  3. 


From  an  Impedance  transformation  standpoint  it  is  advantageous  to  employ 
two  quarter  wave  resonant  windings  In  series  of  different  characteristic  impedance 
in  place  of  a  uniform  half  wave  winding.  Figure  4  shows  the  transmission  line 


equivalent  circuit  applicable  to  all  configurations  employing  planar  windings. 
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Figure  4.  Equiva] snt  circuit  for  half  wave  wound 

electrically  small  antennas 


For  purposes  of  the  following  analysis  the  vertical  members  in  Figure  4  are  con¬ 
sidered  to  be  closely  coupled,  and'  the  transmission  line  between  these  members  is 
wound  so  that  the  over-all  width  of  the  structure  is  much  less  than  a  half  wave. 
Physical  length  of  the  winding  required  fo.r  resonance  depends  on  the  winding  con¬ 
figuration.  As  an  example,  approximately  a  length  15%  greater  than  a  half  wave  is 
required  for  antennas  .OIX  high  and  .04X  diameter,  provided  that  the  conductor  width 
is  small  in  relation  to  the  spacing  between  adjacent  conductors.  Length  is  closer 
to  a  half  wave  for  larger  diameter.  Resistances  Rq^  and  R^^  represent  dissipative 

losses  in  the  winding,  the  ground  plane  is  considered  lossless,  and  R2  and  R^  are 
radiation  resistances.  Radiation  resistance  of  the  winding  itself  is  considered 
negligible.  Inductances  and  L2  are  considered  to  affect  only  the  required 
winding  length  for  resonance. 

By  familiar  transmission  line  relationships  for  lossless  quarterwave 
transformers, 

Z  2 

02  . 


^^2^2  ’  whence  R^ 


similarly. 


whence  R 


1 


1  R2 .  Thus ,  Rin  “  R4  ^2  • 


02 


It  readily  follows  from  a  consideration  of  the  power  distribution  in  the  equiva¬ 
lent  circuit  that  I2  =  I^.  Ihe  same  result  is  obtained  if  dissipative  losses 

are  relatively  low.  In  the  lossless  case,  all  the  input  power  is  radiated,  so 

P.  =  (I,  +  I„)2  R  =  I?  R.  where  R  is  the  radiation  resistance,  given  by 
in  '  1  2  r  1  in  r  .  o  . 

»I  - 

assuming  uniform  current  in  the  vertical  leads.  Substituting  for  we  find  that 

(lossless  case) 
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Note  that  If  (unifo™  winding),  ■  4Rf  regardleaa  of  the  value  of  Zq, 

Note  also  that  can  be  sade  very  natch  greater  than  the  radiation  resistance  by 
making  ratio  of  the  characteristic  impedances  becomes  large, 

it  is  necessary  that  each  transmission  line  be  very  nearly  an  electrical  quarter 
wave  in  lencth,  or  the  expected  input  resistance  will  not  be  realized. 

Now  consider  the  effect  of  losses.  If  the  current  in  each  quarter  wave 
section  is  sinusoidal,  the  effective  loss  resistance  of  each  section  referred  to 
the  point  of  current  maximum  is  one  half  the  total  resistance  of  that  section. 
Since  the  current  maxima  prestunably  occur  at  the  vertical  leads,  the  total  dis¬ 
sipation  is 


so  the  loss  resistance  referred  to  the  input  terminals  is 


’input 


\  +  S/SV 


2  2  ' 


Ihe  total  input  resistance  is  thus 

(includes  loss) 

The  radiation  efficiency  is  simply  given  by  the  first  tern  divided  by  R^^^.  For 
some  p\irposes  it  is  desirable  to  know  the  values  of  R2  and  in  the  equivalent 

circuit.  Without  going  through  the  calculations, 


An  expressicn  for  the  bandwidth  can  be  readily  calculated  for  the  circuit 


of  Figure  4  for  the  cate  where  Z  ■  Z 


The  result  is 


where  f^  Is  the  resoiunt  frequency  and  bandwidth  is  understood  as  that  between 
frequenrrles  of  equal  resistance  and  reactance.  Note  that  the  bandwidth  is  Inversely 
proportional  to  Low  values  of  Z^  imply  large  conductor  widths  and  spaclngs, 

hence  large  winding  areas.  Thus,  Increased  bandwidth  implies  greater  antenna 
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volume..  This  seems  to  be  a  fundamental  property  of  small  antennas. 

The  voltage  In  the  center  of  the  half  wave  winding  can  be  quite  large, 
Assuming  a  sinusoidal  distribution  on  the  winding, 


usually. 


Hn 


where 


2 


DETESMItlATION  OF  CHARACTERISTIC  IMPEDANCES 


An  interesting  feature  of  the  transmission  line  approach  to  the  analysis 
is  that  the  Impedance  transformations  of  the  windings  can  be  determined  experi- 
|]  mentally  simply  b^  using  known  resistances  as  "loads"  and  then  measuring  the  input 
resistance.  The  value  of  can  be  found  from  the  relation 


where  and  R^ji^  input  resistances  with  loads  and  Rj^^  respectively 

placed  at  the  normally  grounded  end  of  the  half  wave  winding. 

The  characteristic  impedances  can  be  determined  to  a  useful  accuracy  by 
calcul^ing  the  capacitance  per  foot  and  inductance  per  foot  of  the  winding.  Then 
The  value  of  C  is  found  by  calculating  the  capacitance  of  an  equivalent 


# 


wire  grid  containing  the  same  length  of  wires  and  wire  spacing  as  the  winding,  and 
then  dividing  by  the  length  of  the  winding.  The  capacitance  of  the  grid  is  found 
by  standard  handbook  techniques.  The  average  inductance  is  determined  by  calcu¬ 
lating  the  inductance  for  the  middle  of  the  winding,  taking  into  account  the 
mutual  Inductances  of  the  nearby  wires.  Again,  standard  handbook  formulas  are 
used. 


nJNING  AND  MATCHING  SCHEMES 


The  simplest  arrangement  for  obtaining  a  resonant  input  over  a  wide  band 
is  shown  schematically  in  Figure  5. 
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Figure  5.  Simplest  arrangement  for  tuning  over 
a  wide  band,  schematically 


The  only  purpose  of  the  variable  capacitor  is  to  prevent  length  L  from  being  res 
This  would  cause  an  isipedance  discontinuity  at  the  input.  A  switch  can  be 
substituted  for  the  capacitor.  The  tuning  arrangement  of  Figure  6  allows  a  grea 
input  resistance  than  can  be  obtained  with  a  uniform  Z^. 


^  *0,  > 


Figure  6.  Tuning  arrangement  where  Z-  ^  Z 


02  '  -oj 


giving  greater  input  resistance 


Even  if  small  as  .01,  sufficiently  large  input  resistances  can 

X 

be  obtained  by  the  latter  arrangement  to  allow  use  of  an  autotransformer  to  ^tch 
the  input  to  usual  transmission  lines.  For  example,  if  ii.  »  .01,  Ry  - 

■  .16  ohm.  If  Zp^  ■  3  is  achieved,  and  there  are  no  dissipative  losses, 


16Rr 


2.56  ohms. 


If  the  structure  is  SOX  efficient,  the  input  resistance  is  5.12  ohms.  If  the 
structure  were  converted  into  a  top  loaded  vertical  nwnopole  by  shorting  oat  ail 
the  "turns"  and  opening  the  grounded  end,  the  Input  resistance  would  be  only  ,32  o 
for  SOX  efficiency. 


PLANAR  CONFIGUSATIONS 

lip  CO  this  point  specific  winding  designs  have  been  3car'<  mentioned, 
for  a  reason.  This  being  that  the  number  of  possible  winding  con fi.  .ratlins 


i  re 


legion.  The  type  of  antenna  being  described  is  truly  a  wirebendier's  delight.  It 
is  initially  surprising  that  such  a  divergence  of  structures  can  give  such 
similar  impedance  and  radiation  properties.  It  is  not  surprising  that  sosu:  of 
the  members  of  this  wide  class  of  structures  have  been  used  in  the  past* 


Some  winding  configurations  are  preferrable  to  others,  of  course. 

Figure  7  shows  top  views  of  three  windings,  and  their  resonant  frequencies. 

Each  was  3x3  feet,  located  8  inches  above  a  ground  plane,  and  containing  42  feet 
of  wire. 


ARROWS  SHOW  CURRENT  DIRECTION 


(e)  f  ^^2 


Figure  7.  Three  windings  of  same  dimensions  and  containing  the 
same  length  of  wire,  with  their  resonant  frequencies 


In  winding  (c)  the  sense  of  winding  is  reversed  at  the  winding  midpoint,  where 
the  current  phase  reversal  occurs.  Thus  winding  (c)  is  the  only  structure  of  the 
three  which  has  positive  mutual  inductances  between  all  adjacent  wires.  Ihe 
required  winding  length  for  resonance  is  only  between  14  and  17%  longer  than  a 
physi  il  half  wave,  depending  on  whether  the  vertical  leads  are  considered  as 
pari  of  ihe  windings.  Exact  winding  lengths  required  must  in  general  be  determined 
c :  t>r iinentally.  Windings  (a)  and  (b)  would  require  more  conductor  length  to 
r  orijie  at  13.36  me,  so  that  their  loss  resistance  would  be  greater  and  their 
'Jtion  efficiency  lower.  Configurations  which  give  positive  mutual  inductances 
.  ill  be  considered  optimum  in  the  sense  that  minimum  winding  length  is  required. 
riJure  8  illustrates  two  additional  structures  having  this  property  (top  views). 


J,  L 


X 


_i_j- 


(d) 


Figure  8.  Windees  in  which  mutual  inductances 
between  id’ient  wires  are  positive 
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winding  (d)  la  rvoopiiatd  «•  a  b«at  foldad  nnoo^l*,  In  this  esse  Multiply  folded 
to  obtain  a  greater  Input  resistance. 


Since  the  net  vertical  current  aoisent  Is  reduced,  hence  the  radiation 
resistance,  non-planar  windings  are  to  be  avoided  unless  allowable  antenna  dlmenslc 
are  severely  lisilted,  or  sMcbanlcal  considerations  rule  out  a  planar  winding. 
Efficiencies  can  be  just  as  large  with  non>planar  %rindlngs,  however,  since  wider 
conductors  can  be  used,  giving  lower  winding  resistance  than  could  be  obtained  with 
a  planar  winding.  TUo  types  of  structures  which  have  been  studied  extensively 
experlaantally  are  shown  In  Figure  9. 


Figure  9.  Kon>planar  half  wave  resonant  structures 


The  EMB  has  been  studied  with  a  ferrite  core  as  well  as  air.  Inductance  per  unit 
len(;th  of  winding  Is  aaich  greater  with  the  ferrite,  of  course,  but  the  loss  Is  also 
greater.  A  straight  solenoldal  winding  has  also  been  studied,  as  have  several  other 
winding  configurations  for  the  Wbund  Umbrella.  The  one  shown  Is,  preferrable  to  most 
due  to  positive  lautual  impedances  and  a  more  favorable  mechanical  arrangement. 

Use  of  a  grounded  supporting  tower  makes  the  wound  umbrella  attractive  at  low 
frequencies. 


The  efficiency  and  luipedance  properties  of  a  wide  variety  of  wound  struc¬ 
tures  have  been  measured  over  the  last  two  years.  The  electrical  similarity  of  all 
of  the  described  winding  configurations  has  become  apparent  as  a  result  of  the 
measurements.  In  Table  1  the  theoretical  and  measured  performance  data  are  pre¬ 
sented  for  several  planar  wound  structures,  shown  In  Figures  3,  10^  and  11. 

Relative  Cosssunicatlon  Efficiency  (RCE)  Is  for  surface  waves,  with  reference  being 
a  p<«rfect  short  vertical  raonopole.  Calculated  RCEs  and  bandwldths  In  Table  I  are 
those  obtained  assuming  uniform  current  In  the  vertical  leads,  and  using  the 
measured  input  resistances,  which  are  seen  to  be  not  drastically  different  from 
the  calculated  values.  The  latter  have  been  calculated  assuming  a  liinusoidal 
current  distribution,  the  measured  value  of  Z_  /Z  ,  and  lossless  ground  screen 

1  2 


and  dielectrics.  Resistances  of  connections  were  ignored,  also,  but  an  attempt 
was  made  to  take  proximity  effect  Into  account.  Not  8uxT)risingly ,  then,  observed 


1  input  resistances  are  greater  than  the  calculated  values.  Die  last  two  antennas 
described  in  Table  1  gave  unbelievably  high  efficiencies,  which  were  as  great 
as  *fl  db  rather  coranohly  at  frequencies  near  resonance  for  the  12  inch  height. 

.)  This  represents  a  discrepancy  of  2  db  or  so  from  the  expected  value,  which  is 
I  not  very  serious  considering  the. errors  which  can  attend  field  strength  measure** 
j ments,  as  discussed  later.  It  appears  that  an  additional  explanation  is  needed, 

/  however.  A  slight  departure  from  an  omnidirectional  pattern  probably  accounts 
for  some  of  the  discrepancy.  Also,  measurements  of  field  strength  with  a  top 
loaded  vertical  aonopole  suggest  that  the  field  strength  at  17.4  me  may  be  about 
’  1  db  higher  than  the  value  obtained  with  the  calibrated  loop  antenna.  If  so,  the 
antenna  efficiency  given  should  be  1  db  lower. 


Efficiencies  of  non-planar  windings  can  be  similar  to  that  of  planar 
,  windings.  For  example,  an  air  core  11  turn  "Elevated  Magnetic .Ring"  (Figure  9b) 
with  dimensions  4  feet  OD,  1  foot  ID,  4"  high,  and  8"  high  ov6r-all  gave  efficiency 
j  within  1  db  of  a  planar  structure  as  in  Figure  3,  described  in  Table  I.  Input 
resistance  of  the  EMR  antenna  was  somewhat  lower,  but  bandwidth  was  about  the 
same.  Some  advantage  was  found  in  going  to  various  configurations  of  multiple 
windings  on  the  same  core. 


Figure  11,  Planar  half-wave  spiral  winding  designed 
for  greater  resistance  transformation 
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'le  1.  Relative  Conmunication  Efficiency  (RCE) 
and  Bandwidth  Calculations  and  Measurements 
bn  Half  Wave  Wound  Ant  Pnnii  a 


RADIATION  PATTEHMS 

Elevation  and  azimuth  patterns  were  taken  on  a  1/10  scale  model  of  the 
antenna  shown  in  Figure  10.  These  were  compared  with  those  of  a  top  loaded 
vertical  monopole  of  the  same  dimensions..  For  all  practical  purposes  the  two 
sets  of  data  were  Identical,  as  expected.  Radiation  overhead  was  at  least  20  db 
down  from  that  at  the  horizon.  H-plane  patterns  should  be  nearly  omnidirectional 
for  spaclngs  between  vertical  leads  up  to  an  eighth  wavelength.  H-p lane  patterns 
for  non-planar  windings  have  been  observed  to  be  omnidirectional  within  about 
+1  db  vdiere  the  winding  height  was  as  much  as  90%  of  the  over«all  height.  Based 
on  rather  limited  evidence.  It  appears  that  patterns  will  not  depart  seriously 
from  omnidirectional  regardless  of  the  configuration. 


METHOD  OF  MEASURING  EFFICIENCT 

The  efficiency  of  the  models  Is  determined  by  measuring  the  available 
power,  Pgyt  from  the  antenna  when  placed  In  a  known'  (measured)  surface  wave  field. 
The  Relative  Comnunlcatlon  Efficiency  (RCE)  is  defined  as 

p  .  p 

RCE  *  av.test  antenna  ■  av,t 
^av , s  tandard  antenna  ^a v , s 


nie  standard  antenna  Is  normally  taken  as  a  perfect  quarter  wave  or  short  vertical 
monopole,  for  which  the  available  power  Is  readily  calculated  from  a  knowledge  of 
the  field  strength.  For  a  quarter  wave  vertical  reference, 


RCE  -  1.62  X  10“2 


where  fj^^  is  the  frequency  in  megacycles 

V.Q  is'  the  measured  voltage  delivered  from  the  antenna  to  a  50  ohm  load 

E^j^g  is  the  field  strength  at  the  position  of  the  antenna,  with  the  antenna 

removed,  in  volts/meter 
Rg  is  the  input  resistance  of  the  antenna 

X  is  the  input  reactance  of  the  antenna.; 


A  surface  wave  signa"'  is  generated  at  a  distance  of  550  feet  from  the  models.  A 
remote  rcierence  antenna  is  used  to  insure  that  the  field  at  the  model  has  not 
changed  between  the  time  when  Vm  is  measured  and  when  the  model  is  removed  and 
is  measured.  Care  is  taken  to  determine  that  the  incident  field  does  not 
varv  over  the  model.  Accurate  measurement  of  has  been  the  greatest  problem. 

An  Empire  Devices  NF105  field  strength  meter  is  used,  with  the  LP105  loop  antenna. 
Ihe  "loop  factors"  have  recently  been  revised  by  the  manufacturer  (January  6,  1964), 
and  the  accuracies  readily  obtainable  now  appear  to  be  within  +1  db  at  the  fre¬ 
quencies  where  the  factors  have  been  extensively  used  (Table  1),  or  better  if 
extreme  care  is  enken. 
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PUTURE  WORK 


Nothing  has  bean  said  about  arrays  of  the  hslf  wave,  wound  structures. 
Arrays  are  useful  to  Increase  power  handling  capability  in  a  tuned  system  using  % 
sliding  contacts,  and  to  increase  the  bandwidth.  Up  to  4  element  stagger  tuned 
arrays  have  been  built,  with  some  success.  Arrays  to  obtain  unidirectional 
patterns  will  also  receive  Attention  in  the  future.  Development  of  tuning  and 
matching  schemes  deserves  additional  attention.  A  general  theory  for  non-planar 
structures  has  yet  to  be  worked  out,  and  the  simple  theory  for  planar  structures 
cannot  account  for  the  efficiency  variations  with  frequency  which  have  been 
frequently  observed. 


ACXNOWLEPGEMENT 

Credit  and  appreciation  are  due  Dr.  Walter  L.  Weeks  of  Purdue  University, 
formerly  of  Collins  Radio  Cong>any,  who  initially  conceived  and  directed  the  Collins 
electrically  soniil  antenna  study  program. 


BROADBAND  ANTENNAS  UTILIZING  FERRITES 
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The  University  of  Michigan.  Radiation  Laboratory.  Ann  Arbor.  Michigan 

INTRODUCTION 

This  paper  represents  a  continuation  of  studies  dealing  with  the  utilization  of  fer¬ 
rite  material  with  various  types  of  antennas.  The  antenna  types  considered  include  the 
rectangular  slot  and  the  log  conical  antennas. 

Data  and  a  brief  analysis  are  presented  dealing  with  the  effects  of  magnetic  bias 
on  the  operation  of  the  rectangular  ferrite-filled  slot  antenna.  At  the  13th  Annual 
Symposium  on  USAF  Antenna  Research  and  Development,  information  on  the  rectan¬ 
gular  ferrite-filled  slot  was  presented.  In  this  paper  additional  information  is  presented 
showing  that  a  shift  of  the  Operating  frequency  of  the  rectangular  slot  utilizing  ferrite 
can  be  obt  lined  through  the  introduction  of  magnetic  bias. 

Various  arrangements  of  the  log  conical  spiral  antenna  have  been  made  using 
ferrite  material  and  the  results  are  compared  with  that  of  the  same  antenna  without 
the  material.  It  has  been  found  that  the  lower  frequency  end  of  the  operating  band  has 
been  lowered  throu^  the  use  of  ferrite. 

Preliminary  data  on  the  variation  of  the  magnetic  properties  of  the  ferrite  with 
temperature  are  presented. 

GENERAL  DISCUSSION 

At  the  last  conference,  a  ijaper  dealing  with  the  ferrite-filled  rectangular  slot 
anten.'^a  with  some  mathematical  detail  was  presented.  This  paper  indicated  the 
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pOMtiil*  slM  reductiaii  m  w«U  m  the  oorrespoodiaf  reduction  In  efflcleney.  For 
review  purpoeee  a  brief  reaume  of  resulta  on  each  antenaee  is  now  given.  Figure  1 
ebowe  three  rectangular  alot  antennae.  Further  data  Including  the  dimenaiona  of 
theee  antennaa  and  bandwidtha  are  ahown  in  Table  I.  For  oompariaon  purpoaea  the 
Table  glvea  information  for  an  air-filled  alot,  a  alot  filled  wlfii  powdered  ferrite,  and 
a  alot  filled  with  acdld  ferrite.  Thia  latter  alot  la  the  amalleat  ahown  in  Fig.  1.  It 
la  believed  by  die  authora  that  for  aome  uaea  the  redoctlona  in  efficiency  ahown  for  the 
two  ferrite  antennaa.  one  being  of  powdered  ferrite  die  other  having  aolld  ferrite, 
are  tolerable  when  it  la  conaldered  that  there  ia  an  appreciable  reduction  in  lineal 
dimenaiona  and  weight.  The  bandwidth  of  theae  antennaa  ia  given  in  Table  I.  and  it 
la  noted  diat  die  bandwidth  of  the  rectangular  alot  filled  with  adid  ferrite  ia  approx¬ 
imately  19  Me.  Although  diia  ia  sufficient  for  some  purpoaea,  such  as  telemetry  on  a 
space  vehicle,  it  ia  recognized  that  the  bandwidth  may  cause  severe  limitations  in  other 
possible  applications.  With  this  in  mind,  additional  studies  were  made  wherein  the  sdid 
ferrite  material  was  magnetized  with  a  steady  magnetic  bias  field. 

b  Fig.  2  is  shown  the  solid  ferrite-filled  slot  with  permanent  magnets  used  in 
expertmoita  involving  a  shift  of  the  center  frequency  of  die  operating  band.  The  per¬ 
manent  magnets  can  be  placed  in  various  positions  with  respect  to  the  housing  of  this 
rectangular  alot.  It  was  found  that  in  each  position  used  the  permanent  magnet  and 
the  accompan3rlng  magnetic  field  caused  a  rise  of  the  center  frequency.  The  actual 
operatiiig  bandwidth  remained  approximately  the  same.  Figure  3  shows  the  amount  of 
shift  possible  for  two  values  ot  magnetic  field.  It  appears  that  the  primary  factor  in 
the  shift  of  center  frequency  has  been  die  change  in  the  Incremental  permeabflity  corres¬ 
ponding  to  the  positioning  of  the  permanent  magnet.  It  has  also  been  observed  that 
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cthier  orient&tlons  of  the  magnet  could  be  used  with  a  shift  in  frequency  in  the  same 
direction  as  shown  in  the  curves  of  Fig.  3. 

hi  Figure  4  are  shown  several  radiation  patterns  that  have  been  taken  with  the 
rectangular  ferrite-loaded  slot  with  and  without  the  application  of  magnetic  fields.  It 
is  interesting  that  there  is  very  little  change  in  the  shape  of  the  radiation  pattern  of 
the  basic  slot,  although  some  minor  variations  in  sidelobes  have  been  observed. 

Efficiency  measurements  were  nuule  upon  the  ferrite -filled  slot  having  solid 
rods  oi  ferrite  both  with  and  without  magnetic  bias.  The  application  of  magnetic  ■ 
bias  in  the  manner  shown  in  Fig.  3,  case  3,  has  resulted  in  the  efficiency  dropping 
from  thirty  percent  to  approximately  twenty-five  percent.  It  was  encouraging  to 
see  that  the  drop  in  efficiency  was  small,  and  upon  this  basis  more  extended  studies 
in  magnetic  bias  control  of  the  position  of  the  operating  frequency  band  are 
contemplated. 

Figure  5  shows  a  log  conical  spiral  antenna  viiich  was  used  for  radiation 
pattern, VSWR,  and  efficiency  tests.  Figure  6  shows  the  VSWR  curves  for  this 
antenna  with  and  without  loading.  The  inset  in  Fig.  6  indicates  the  arrangement  of 
the  antenna  in  a  cavity  with  ferrite.  Figure  7  shows  a  number  of  radiation  patterns 
taken  on  this  log  conical  spiral  antenna  as  mounted  in  the  metal  cavity:  both  loaded 
and  unloaded  cases  are  shown.  One  of  the  remarkable  aspects  of  these  studies  has 
been  that  the  use  of  ferrite  has  lowered  the  low  frequency  limit  of  this  antenna. 
Furthermore,  this  lowering  has  been  accomplished  while  keeping  the  antenna  operating 
in  the  desired  axial  beam  mode.  It  is  recognized  that  antennas  of  this  type  degenerate 
at  the  low  frequency  end  as  the  operation  passes  from  an  axial  beam  into  a  split  beam 
mode.  Measurements  of  this  antenna  show  that  it  has  an  efficiency  of  13  percent  with 
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ferrlto  loadtsf  at  400  Me.  Quite  Obriouaty  this  cavity  imposes  s  very  severe  restriction 
on  the  operation  of  the  log  conical  antenna  inserted.  Figure  8  shows  two  log  conical 
Spiral  antennas.  Tbe  small  antenna  on  the  ri^t  contained  powdered  ferrite  which  was 
inserted  within  the  conical  structure.  The  powdered  ferrite  material  was  retained 
by  putting  a  thin  sheet  of  polyethylene  plastic  over  the  smaller  log  conical  spiral.  The 
ferrite  powder  completely  filled  all  space  Inside  the  spiralled  conducting  elements. 
Ferrite  extends  just  outside  of  the  conducting  elements  since  the  supporting  wood 
structure  extends  approximately  1/3  "  beyond  the  metal  conducting  elements.  This 
ferrite-loaded  antenna  operated  with  VSWR  characteristics  as  shown  in  Fig.  9  which 
also  shows  the  VSWR  for  the  air-fiUed  case.  Figure  10  shows  the  radiation  patterns 
with  and  without  ferrite  loading  at  various  frequencies. 

The  efficiency  of  the  larger  log  conical  antenna  without  ferrite  shown  cn  the 
left  of  Fig.  8  was  compared  with  diat  of  tbe  small  ferrite -filled  log  conical  antenna 
on  the  rl^.  The  small  ferrite-filled  log  conical  antenna  has  an  efficiency  of  23  per¬ 
cent  at  400  Me  compared  to  an  efficiency  of  92  percent  for  tbe  large  log  conical 
antenna  at  die  same  firequency.  This  decrease  in  efficiency  is  accompanied  by  a 
decrease  in  lineal  antenna  dimensions  of  approximately  a  factor  of  two  and  a  volume 
decrease  of  about  a  factor  of  7.  This  means  that  a  much  smaller  antenna  of  the 
general  log  conical  tsrpe  can  be  made  at  the  sacrifice  of  approximately  6  db  in 
efficiency.  The  radiation  patterns  indicate  that  otherwise  the  operating  performance 
is  at  least  as  good  as  that  of  die  corresponding  air-filled  log  conical  antenna. 

The  forrite  antenna  characteristics  described  above  have  been  obtained  at  very 
low  power  levels  and  at  room  temperature.  In  anticipation  of  possible  uses  of 
ferrite  antennas  at  either  hl^er  power  levels  or  higher  ambient  temperatures. 
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studies  have  been  mode  recently  of  the  magnetic  properties  of  the  ferrite  used  at 
various  temperatures  and  frequencies.  The  ferrite  used  is  described  by  tiie  formula: 

^*.9696  ^“.0404  03  ^®1.  84  ^^.04  °4  * 


Figure  11  shows  complex  permeability  as  a  function  of  temperature  for  various 
frequencies.  It  is  quite  apparent  that  temperature  may  Impose  a  severe  restriction 
on  the  use  ci  ferrite  antennas  on  aerospace  vehicles  unless  special  precautions  are 
taken  to  limit  the  temperature  of  the  ferrite  material  to  less  than  1.50®  C.  Some  of 
the  meims  now  used  for  protecting  £q)paratus  on  aerospace  vehicles  (m  reentry  could 
possibly  be  applied  to  these  antennas.  For  antennas  which  do  not  have  to  pass  throu^ 
temperatures  cori'esponding  to  reentry,  it  ndi^t  be  that  the  antennas  would  perform 
satisfactorily.  Additional  studies  are  necessar>  for  very  low  temperatures. 


CONCLUSIONS 

The  results  achieved  using  ferrite  material  have  been  very  encouraging  as  far 
as  reduction  in  the  size  of  a  given  antenna  type.  It  has  been  shown  that  reduction  in 
size  it  possible  both  for  broadbanded  antennas  and  for  antennas  which  are  essentially 
narrow  band.  Furthermore,  it  has  been  shown  that  throu^  the  application  of 
magnetic  bias  substantial  shifts  of  the  position  of  the  operating  band  of  frequencies 
can  be  achieved.  It  is  interesting  that  these  shifts  can  be  provided  with  very  little 
reduction  in  the  efficiency  of  the  antenna.  It  is  also  recognized  that  Uie  use  of  ferrite 
material  causes  in  some  cases  a  marked  reduction  in  efficiency.  However,  these 
reductions  in  efficiency  possibly  can  be  tolerated. in  specific  practical  applications 
because  of  the  g^eai,  improvement  represented  by  the  reduction  in  physical  dimensions 
of  a  given  antenna. 
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Physical  comparison  of  loaded-slot  antennas. 


FIG.  2.  Ferrite  Loaded  Slot  Antenna  with  Permanent  Magnets 
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Antenna  No.  101  with  Permanent  Maj^nets 
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FIG,  4a  -  4c:  Radiation  Patterns  (E^)  for  Antenna  No,  101  with  Magnet 
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I  INTRODUCTION 

The  capability  of  narrow  beam  antennas  tc  scan  through  large  angular 
sectors  has  become  increasingly  important  in  modern  radar  and  communica¬ 
tions  systems.  In  some  cases  it  is  desirable  to  use  a  single  antenna  for  the 
performance  of  many  functions  at  widely  different  look  angles.  It  is  also 
Important  to  locate  the  antenna  apertures  around  the  periphery  of  a  vehicle 
so  that  the  presence  of  the  vehicle  structure  will  have  little  affect  on  the 
performance  of  the  antenna. 

Two.  dimensional  Luneberg  or  geodesic  lenses  are  often  considered  for 
these  applications  as  they  are  capable  of  360  degrees  scan  and  provide  apertures 
^ich  can  be  flushmounted  to  many  vehicles.  The  circular  line  apertures  of 
these  antennas,  however,  result  in  c^-axis  pattern  deterioration  vdiich  is  not 
acceptable  in  many  applications.  For  example,  a  circular  line  source  has  a 
narrow  beamwidth  in  elevation  (the  plane  normal  to  the  plane  6f  the  aperture) 
making  beam  shaping  over  an  appreciable  angular  sector  extremely  difficult. 
Also,  although  a  narrow  beamwidth  may  be  achieved  in  the  azimuth  plane 
(plane  of  the  aperture)  the  beamwidth  widens  rapidly  for  pattern  cuts  throu^ 
planes  tilted  at  increasing  elevations.  Such  antennas  are  therefore  not  well 
suited  to  applications  requiring  fan  shaped  beams. 

The  obvious  solution  to  the  problem  is  to  employ  a  number  of  flushmounted 
scannable  linear  apertures  which  together  can  cover  the  required  angular 
sector.  Electronic  scanning  techniques  are  commonly  considered  for  such 
applications  but  their  size,  weight  and  cost  frequently  make  their  use  imprac¬ 
tical.  Mechanically  scanned  linear  aperture  such  as  pillboxes  have  recantlj^ 
achieved  100  to  120  degrees  of  beam  scan,  but  the  use  of  three  to  four  such 
large  and  heavy  structures  to  achieve  large  angular  coverage  is  undesirable. 
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The  prism  antenna  technique  to  be  discussed  makes  it  possible  to  scan 
the  beam  from  a  number  of  linear  apertures  with  a  relatively  simple  mechan¬ 
ical  system.  The  beam  forming  capabilit‘es  of  amplitude  tapered  arrays  can 
be  utilized  for  the  antenna  feed  since  a  point  source  feed  is  not  required. 

A  mechanical  advantage  between  feed  and  beam  rotation  is  accomplished.  In 
addition,  the  elevation  beam  can  be  shaped  and  scanned  independently  of 
azimuth  beam  characteristics. 

n  BASIC  PRISM  THEORY 

The  basic  operation  of  the  prism  can  be  explained  through  SnelTs  law  as 
illustrated  in  Figure  1.  A  prism  having  a  refractive  index  outlined  by 
B,  D,  E.  A  wave  front  FB  is  shown  impinging  on  the  EB  surface  of  the  prism. 

A  normal  to  this  surface  is  shown  by  BD.  An  incident  ray  (AB)  of  the  wave  is 
at  an  angle  of  incidence  a  with  respect  to  the  normal  BD.  The  angle  0  to  which 
the  ray  is  refracted  upon  entering  the  higher  dielectric  prism  is  by  Snell's  law 


where  rj^  and  are  the  refractive  indices  of  the  medium  through  which  the 
incident  and  refractive  rays  propagate. 


=  1  for  air 

(2) 

"2 

(3) 

therefore, 

(4) 

and  for  very  small  angles 

(5) 

If  the  angle  BED  Is  made  equal  to  0  then  all  refracted  rays  are  perpendicular 
to  the  second  prism  face  ED  and  ED  will  then  correspond  to  a  constant  phase 
front. 
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From  (4) 


sin  a  -  sin  0  (6) 

multiplying  by  length  BE 

BE  sin  tt  =  BE  sin  0  (7) 

but 

BE  sin  a  ^  FE  (8) 

and 

BE  sin  0  =  BC  (9) 

therefore 

FE  *  ^  BC  with  tne  result  that  the  electrical  length  from  F  to  E  is  (10 

the  same  as  that  from  B  to  C  3rlelding  a  constant  phase  front  across  ED. 

If  a  linear  array  is  placed  along  the  ED  surface  and  phased  to  provide  a 
beam  in  the  dielectric  perpendicular  to  this  surface  the  actual  beam  in  free 
space  will  be  lefracted  at  the  EB  surface  at  an  angle  a  with  respect  to  the 
normal.  Since  the  beam  pointing  angle, a,  is  related  to  the  prism  angle,  0,  by 
equation  6  a  machanical  advantage  exists  between  the  mechanical  feed  rotatioi 
and  the  beam  rotation.  For  example,  if  <2  “  ^  array  would  have  to  be  mov 
only  13.6  degrees  for  a  beam  scan  of  45  degrees  from  the  normal. 

While  it  would  appear  difficult  to  change  the  angle  BED  =  0  in  a  solid  diele 
trie  prism,  a  method  has  been  devised  ^»hlch  accomplishes  this  task  as  shown 
In  Figure  2.  The  dielectric  material  between  the  refracting  surface  and  feed 
array  is  divided  along  a  circular  arc.  The  feed  and  a  section  of  dielectric  are 
free  to  rotate  with  respect  to  the  refracting  surface.  The  consequences  of  the 
resultant  small  air  gap  will  be  discussed  in  Section  V. 


There  is  a  degradation  of  effective  array  aperture  with  scan  equal  to 

COS  fv 

- 9  which  for  high  dielectric  constants  is  very  nearly  equal  to  the  normal 

COS  V 

cosine  law.  For  example,  if  <2  "  ®  ®  effective  aperture  is  .727 

of  the  feed  aperture;  sli^tly  greater  than  the  .707  expected  from  phase 
scanning  a  linear  aperture. 


For  practical  reasons  TEM  parallel  plate  operation  was  chosen  for  an 
experimental  model.  The  wavelength  or  phase  delay  in  TEM  mode  pro;  .'a  • 
tion  is  not  dependent  upon  plate  spacing,  allowing  more  reasonable  toleriuices 
in  the  construction  of  such  an  antenna.  For  some  applications  other  modes  of 
operation  are  useful.  For  instance,  operation  in  two  modes  which  are  separable 
at  the  output  and  coupled  to  two  displaced  (stacked  in  elevation)  radiating  aper* 
tures  would  allow  electronic  elevation  beam  scanning  as  the  relative  phases  of 
the  two  modes  were  changed  at  the  input. 


Figure  3  illustrates  one  particular  geometry  for  a  prism  antenna  which 
allows  full  360^  scan.  Each  side  of  the  four  sided  figure  is  an  aperture.  The 
beam  scan  for  each  aperture  is  shown  versus  relative  feed  position.  It  should 
be  noted  that  the  scan  is  discontinxious  between  apertures.  The  radiating 
apertures  must  be  longer  than  the  feed  array  to  allow  extreme  rays  from  the 
end  of  the  array  to  pass  through  the  refracting  aperture  at  the  scan  limits  of 
±45°. 


While  the  square  shape  shown  in  Figure  3  is  optimum  (minimum  size  for 
360°  scan)  many  variations  of  this  shape  can  be  envisioned  for  other  applies- 
tions.  Some  applications  might  not  be  able  to  tolerate  the  effective  aperture 
degradation  associate- d  with  scanning  45°  from  one  side.  Six  sides  could  be 
used  with  only  ±30°  scan  required  of  each  side  for  total  360°  scan.  The 
aperture  degradation  would  then  be  only  .880  for  ^2  ~  quite  an 

improvement  over  the  prior  .727  degradation.  The  overall  size  of  the  antenna 
must  now  be  increased  considerably,  so  a  tradeoff  between  these  two  opposing 
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criteria  would  hare  to  be  made  for  each  application.  Another  application  mig^t 
i^uire  leaf  scan  in  aome  quadrants  reducing  the  required  size  of  that  one 
aperture. 

R  should  be  emphasized  that  the  prism  does  no  focusing,  but  merely  redirects 
the  radiation.  Thus,  any  technique  that  can  be  used  with  a  line  source  feed  can 
be  used  with  the  prism.  For  this  reason  electronic  scan  of  the  prism  feed  can  be 
incorporated  in  addition  to  the  mechanical  scan  already  discussed.  The  prism 
will  not  cause  any  multiplication  of  electronic  scan.  This  is  the  case  since  it 
requires  as  much  phase  shift  per  unit  length  of  the  array  to  scan  the  beam  X 
degrees  in  the  dielectric  medium  as  it  does  to  scan  KX  degrees  in  air  where  K 
is  0  .  Monopulse  operation  could  also  be  Included  in  the  prism  feed.  More  than 
one  feed  can  be  used  for  a  number  of  simultaneous  beams  either  from  the  same 
aperture  of  a  combination  of  apertures. 

in  FEED  TECHNIQUES 

A  number  Of  techniques  for  feeding  the  prism  have  been  considered.  A  simple 
H-plane  sectoral  horn  with  correcting  lens  has  been  used  on  test  models  to  date. 
The  designs  of  such  a  feed  are  yery  simple  and  are  easily  integrated  into  the 
dielectric  filled  parallel  plate  prism,  since  the  dielectric  is  merely  an  extension 
of  the  correcting  lens.  The  horn,  however,  is  inetticient,  large,  heavy,  and  it 
is  difficult  to  design  for  low  sidelobes.  These  disadvantages  can  be  eliminated 
with  the  use  of  waveguide  type  feeds,  either  of  leaky  wave  or  resonant  slot  design. 

Prior  discussions  have  always  assumed  a  beam  in  the  dielectric  normal  to 
the  feed  surface.  It  has  been  pointed  out,  however,  that  scanning  of  the  feed  beam 
in  the  dielectric  may  be  used  in  addition  to  mechanical  scan  of  the  feed.  In  all 
cases  the  dielectric  is  assumed  contiguous  with  the  feed,  and  the  necessity  of 
this  condition  will  be  explored  shortly.  Figure  4  shows  an  arrangement 
employing  two  feed  arrays  each  producing  non-broadside  beams.  The  weight  of 


the  feed  In  this  case  is  very  much  reduced  by  the  reduced  amount  of  dielectric 
employed.  Leaky  wave  structures  would  be  ideal  for  such  a  feed  system  althou^ 
calculations  have  shown  the  design  parameters  (especially  attenuation  per  unit 
length  along  the  traveling  wave  antenna)  to  be  difficult  to  realize  physically. 

A  resonant  slot  array  feed  as  pictured  in  Figure  5  can  be  easily  designed  as 
a  feed  for  free  space  operation,  but  the  additional  requirement  of  parallel  plate 
operation,  particularly  with  a  high  dielectric  loading,  imposes  some  restrictions 
in  the  design  not  normally  considered.  Obviously  if  the  dielectric  is  contiguous 
to  the  array,  die  slot  spacing  for  high  efficiency  (absence  of  grating  lobes)  must 
be  less  than  .  For  high  dielectric  constant  prism.*/  this  condition  cannot  be 
fulfilled  without  also  loading  the  waveguide  with  a  high  dielectric  material. 
Appendix  A  ^ws  diat  if  an  air  space  of  a  certain  minimum  thickness  is 
allowed  between  the  dielectric  and  the  array  much  larger  slot  spacings  can 
again  be  allowed. 


It  can  be  shown  that  such  a  dielectric  air  transition  is  allowable  and  can  be 
matched  if  the  interface  is  on  a  constant  phase  front  so  that  no  refraction  will 
occur.  Since  the  interface  is  rotated  with  the  array  for  beam  scanning,  this 
condition  is  aL  ys  met  for  the  design  shown  in  Figure  5.  A  quarterwave  step 
in  the  dielectric  will  provide  a  narrow  band  match  at  the  interface.  Assuming 
the  step  must  match  air  filled  guide  to  dielectric  filled  guide  (<2^  » 
dimensions  are 


(11) 


and 


(12) 
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where 

L  is  the  length  of  t^e  step,  t  is  the  thickness  of  the  step,  and 
(ii  is  the  thickness  of  the  parallel  plate  region. 

For  TEM  operation  of  the  parallel  plate  region  broad  wall  shunt  slots  are 
used  in  the  feed  array.  Normally  such  slots  have  low  mutual  impedances,  but 
the  presence  of  the  parallel  plates  Introduce  image  slots  which  cause  effec¬ 
tively  high  mutual  impedances.  The  design  must  therefore  be  based  upon 
experimentally  determined  incremental  slot  conductances. 


Means  of  radiating  from  the  dielectric  filled  parallel  plate  transmission 
line  to  free  space  are  varied  and  each  serves  a  particular  application.  Where 
the  best  possible  match  over  broacfi)ands  and  wide  angtilar  regions  is  required, 
a  long  taper  from  dielectric  to  air  coupled  with  an  exponential  horn  could  be 
used.  This  involves  considerable  added  wei^t  and  size,  however,  and  a  number 
of  compromises  have  been  studied.  A  single  quarter-wave  step  to  air  is  easily 
calc\ilated  and  constructed,  but  the  match  depends  on  both  frequency  and  angle 
of  arrival.  An  even  simpler  method  is  available  which  has  little  or  no  angular 
sensitivity  and  is  also  broadband.  The  thickness  of  the  parallel  plate  is  changed 

^1 

from  W-  with  the  dielectric  to  W«  =  -  in  air.  This  equalizes  the  characteristic 

impedance  in  the  two  media  since 


Z  = 
o 


yrr 

V  J. 


and  therefore 


Z  = 


•Je  b 


W2  = 
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The  match  at  this  junction  is  still  not  optimum  because  of  the  capacitive 
discontinuity  associated  ’vith  the  sharp  change  of  guide  dimensions.  Whinnery 
and  Jamieson^  have  derived  values  for  the  equivalent  shunt  capacitive  reactances 
due  to  such  steps  in  parallel  plate  line.  Methods  of  cancelling  this  reactance 
include  undercutting  the  dielectric,  or  adding  a  second  short  step  with  increased 
inductance. 

A  simple  horn  can  tlien  be  used  to  transform  from  the  air  loaded  parallel 
plate  to  free  space  radiation  at  this  pirism  output  surface.  The  horn  could  be 
used  as  the  primary  feed  of  a  parabola  whereby  movement  of  the  parabola 
would  cause  scanning  of  the  beam  in  the  elevation  plane. 

V  CONSTRUCTION  TECHNIQUES 

Construction  tolerances  are  difficult  to  analyze,  but  a  few  guidelines  are 
available.  Inhomogeneities  in  the  dielectric  material  can  be  analyzed  as  in 
Appendix  B.  It  is  shown  by  means  of  an  example  that  20  db  sidelobes  will  be 
degraded  by  0.&  db  or  less  in  a  prism  in  vliich  the  dielectric  constant  is  held 
between  9  ±.03.  Although  such  a  sidelobe  requirement  is  rather  stringent 
it  does  represent  the  degree  of  homogeneity  required  for  some  applications. 

It  has  been  determined  ezperlmentally  that  small  air  gaps  between  the  dielectric 
and  the  metal  parallel  plates,  which  cause  an  effective  inhomogeneity,  are 
intolerable.  The  conductors  must  be  plated  or  fired  intimately  to  the  dielectric 
surface  or  beam  distortion,  servere  beam  broadening,  and  large  increases  in 
sidelobe  levels  will  result. 

The  circular  Interface  between  the  rotating  feed  and  stationary  prism  must 

not  leak  appreciable  rf  energy  or  cause  a  standing  wave  to  be  set  up  in  the 

feed.  A  quarter-wave  choke  of  standard  design  will  acceptably  reduce  the 

radiation  from  this  interface.  The  maximum  air  gap  allowable,  between  the 

stationary  and  rotating  dielectrics  for  €  =  9  and  a  VSWR  of  1.14,  would  be 

.010  X  .  This  is  a  difficult  but  attainable  gap  tolerance  over  limited  temperature 
o 

ranges. 
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VI  TEST  RESULTS 

‘  Results  of  tests  on  a  lens  compensated  horn  fed  prism  have  verified  the 
basic  operation  of  the  antenna.  A  picture  of  the  test  ^intenna  is  shown  in 
^■'^•^re  8.  The  dielectric  was  G-7  silicone  fiberglass  with  a  dielectric  constant 
of  4.1  at  1  me.  Figure  7  shows  patterns  for  mechanical  scan  angles  of  ±18 
degrees  and  0  degrees.  From  Snell's  law  then;  €^  =  =  4.2.  Originallj 

the  aluminum  sheets  were  used  as  the  two  conducting  plates  b’jt  the  patterns 
were  sensitive  to  plate  pressure  and  at  best  sidelobes  were  only  6  db  below  the 
main  beam.  Copper  was  then  plated  to  both  sides  of  the  dielectric  with  results 
as  shown.  It  should  be  noted  that  the  sidelobes  are  not  imaged  at  extreme  scan 
angles  nor  are  they  symmetric  at  0  degrees  scan  indicating  that  non-symmetric 
phase  errors  are  present.  Such  phase  errors  ure  associated  with  random  inhomc 
geneities  in  the  prism  dielectric. 

Vn  CONCLUSIONS 

This  paper  has  described  the  operation  of  a  scanning  antenna  based  on  the 
properties  of  a  prism.  Operation  over  one  qua'  int  of  the  proposed  360^ 
iiltlmate  scanning  range  has  been  experimei  y  verified.  Construction 
accuracies  have  been  shown  to  be  critical  bu.  realizable.  Techniques  for  im¬ 
provement  of  the  antenna  system  particularly  in  feed  and  aperture  desl^  have 
been  discussed. 
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Variable  Prism  Circular  Interface 
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VxiicUMe  Prism  Antenna  Test  Model 
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Derivation  of  Element  Spacing 
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APPENDIX  A 

'I 

i 

OPTIMUM  SPACING  OF  FEED  ARRAY  ELEMENTS  FOR  HIGH 
EFFICIENCY  ANTENNA  PERFORMANCE 

The  determination  of  the  appropriate  spacing  between  elements  of  an  arra^ 
in  close  proximity  to  a  dielectric  interface  can  be  handled  on  the  basis  of  the 
generation  of  grating  lobes.  Obviouslyv  when  such  an  array  is  designed  to 
produce  only  one  main  lobe  it  will  be  very  efficient,  neglecting  delectric  and 
copper  losses  in  the  antenna  mechanism. 

Consider  an  array  having  a  Taylor  distribution  yielding  20  db  sidelobes. 
The  Taylor  distribution  implies  that  the  source  is  continuous.  However,  it 
can  be  shown  that  discrete  elements  with  a  certain  maximum  spacing  can 
closely  approximate  the  theoretical  ideal.  As  the  spacing  is  increased  beyond 
the  allowable  maximum  another  lobe  called  a  grating  lobe  will  appear  in  the 
pattern  very  quickly  (for  long  apertures)  and  move  towards  the  main  beam 
as  spacing  is  increased.  As  the  spacing  is  further  increased  more  grating 
lobes  are  produced.  A  particular  antenna  design  based  on  discrete  elements 
must  therefore  be  closely  examined  and  a  spacing  determined  to  suppress 
such  grating  lobes.  If  the  >20  db  sidelobes  limit  is  held  then  the  production 
of  as  many  as  ten  such  sidelobes  would  reduce  the  gain  (efficiency)  of  the 
antenna  by  less  than  0.5  db. 

Figure  8  illustrates  the  geometry  of  such  a  prism  feed  problem.  Snell’s 
law  requires  that  a  ray  impinging  on  the  dielectric-air  (  €  g  -  ^  j)  interface 
at  an  angle  9^  =  sin”^^^^^j  (  where  0^  is  the  critical  angle)  would  be 

transmitted  parallel  to  the  array  at  a  velocity  equal  to  that  of  light  in  air. 

The  total  suppression  of  a  grating  lobe  in  a  direction  0  in  this  system 

would  then  require  ^2  spacing  of  the  elements,  wliere  is  the  wave- 

2 

length  in  air  and  the  array  elements  are  fed  in  phase  with  one  another. 


For  a  long  array  such  a  grating  lobe  would  be  siqjpressed  for  any  spacing 
slightly  less  than  one  wavelength,  just  as  for  an  array  in  free  space. 


Thus,  for  such  a  broadside  array  radiation  impinging  at  any  angle  between 
broadside  and  the  critical  angle,  0^  =  sin  result  in  a  beam 

of  greater  than  -20  db  level  if  a  nominal  spacing  of  0.5  X  or  less  is  employed. 
At  angles  greater  than  the  critical  angle,  however,  the  effect  of  total  internal 
reflection  is  encountered.  This  effect  corresponds  to  surface  waves  ch;u  icter- 
ized  by  no  time  average  flow  of  energy  into  the  medium  of  lesser  refractive 
index.  There  is,  however,  a  field  which  decays  exponentially  with  distance 
away  from  the  interface  into  ♦he  lower  dielectric.  The  time  average  flow  of 
energy  in  the  lower  refractive  medium  is  parallel  to  the  interface  and  does 
not  vanish.  This  energy  flow  is  unattenuated  in  its  direction  of  propagation. 

BiX 

It  decays  exponentially  (e  )  as  the  distance  from  the  interface  increases 
since  x  is  negative. 

2 

From  Stratton  the  field  intensity  of  the  transmitted  wave  is  given  by 

=  (Al) 

where 


a 


T —  Sin  0  =  phase  velocity  in  Z  direction  and  for  €  =  1, 

^2 


(A2) 


When 

,  2 
sin 


2  TT 


=  0 

0  = 
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9 - -  attenuation  in  X  direction. 

^  2 


1  o 

—  or  sin  0 

^  2 


o 


— ^  (the  critical  angle). 


(A3) 


(A4) 


The  phase  velocity  in  medium  1  (air)  is  then 


\  _ _  V 

>»iiere  Xj  is  the  wavelength  of  the  energy  flow  parallel  to  the  array  and  sinCi 

then 

Xj  =  at  the  oritical  angle.  (A7) 

Ao 

If  the  elements  are  spaced  apart  they  will  not  give  rise  to  this  surfac 
wave.  However,  for  such  a  spacing  any  surface  wave  for  which  X^  =  A^/2 
would  be  coupled  to  the  array.  This  would  occur  when  the  phase  velocity  or 
sin  0  is  equal  to  2  sin  0^.  For  example,  using  a  dielectric  constant  of  9 

sin  0  =/=  =  0.333.  (A8; 

0  y  9 

Thus,  when  sin  0  =  0.666  the  array  would  be  coupled  efficiently  to  the  sur¬ 
face  wave. 

But  then 


n  -  2^ 
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=  ^  /443  _  :iii  = 


2n  (0.576) 
Xo 


If  the  dielectric  interface  is  one  half  of  a  free  space  wavelength  from  the 
array  then  the  field  incident  upon  the  array  will  be  attenuated  by 


2;r  (.576)  ^o 


(AlO 


=  -26  db. 


A3 


This  is  greater  than  the  -20  db  level  of  the  other  antenna  sidelobes  and  is 
the  refore  satisfactory. 

A  signal  at  any  angle  0  greater  than  this  is  attenuated  even  more,  so  the 
condition  of  no  grating  lobes  greater  that  -20  db  has  been  fulfilled.  Thus, 
when  the  dielectric  interface  is  at  least  one  half  of  one  free  space  wavelength 
from  the  array  an  element  spacing  of  one  half  free  space  wavpleni;:th  will  be 
great  enough  to  insure  a  very  high  efficiency. 


% 


APPENDIX  B 


dielectric  prism  phase  error  analysis 

In  order  to  gain  some  insight  into  the  effect  of  inhomogeneities  in  the 
dielectric  materials  of  the  prism,  the  phase  error  analysis  of  Skolnik^ 
is  used.  Changes  in  the  dielectric  constant  over  small  regionsof  the  prism 
will  have  their  greatest  effect  on  the  velocity  and  resultant  output  phase 
of  coherent  energy  traveling  from  the  feed  array  to  the  radiating  aperture. 

For  small  phase  errors  the  statistical  average  power  pattern  of  a  two 
dimensional  source  is 


=  P^  M  +  S  (0» 


ejq) 


V  x2  / 


(El 


where  u  =  sin  9 

S  (9,(^)  =  cos  9  (cos^  9  cos^  ^  sin^  t() 


(B2 


=  no  error  antenna  gain 

PqCAj  f^)  =  no  error  array  power  pattern 

-2 

S  =  mean  square  phase  error  in  radians 

C  =  correlation  interval 
-2 

Both  3  and  C  are  fixed  by  the  dielectric  properties  of  the  material 
employed  and  must  be  interpreted  for  a  specific  prism  design.  A  large 
statistical  analysis  of  typical  or  available  materials  that  would  determine 
these  parameters  is  not  available.  Most  high  frequency  measurements  use 
sample  pieces  approximately  for  insertion  into  waveguide.  The 

smallest  correlation  interval,  C,  which  can  be  used  for  this  analysis  is 
therefore  -4-  . 


B1 


.  The  mean  square  phase  error  will  be  affected  by  the  total  path  len^h 
through  which  the  wave  travels.  If  a  particular  phase  error,  ,  is  associated 
«r  with  a  sample  path  length  L  ,  the  total  phase  error,  d .  associated  with  a  total 
path  length  NL  will  be 

i  =  S  6p  (B3) 

This  assumes  a  normal  probability  distribution  for  the  errors  and  in¬ 
dependence  of  the  errors. 


For  example,  given  a  sample  path  of  length  —  ,  which  is  equal  to  the 
correlation  interval,  then  for  a  total  path  length  of  10  A  the  allowable  error 
over  the  ^  path  length  sample  (  dp  )  would  be 


dp  =  d//^  =  .223  d  . 

Assuming  a  small  azimuth  beamwidth  of  2^  then  from  equation  (2)  S 


(B3a) 


/  ^2  2^2\ 

(0,  «  1.  Also,  since  u  as  0,  exp  1.  Therefore  (1)  may  be 


written 


V«()  'Po  (»■«*>* 


G 


If  we  allow  0.5  db  maximum  degradation  of  20  db  side  lobes  we  then  have 
at  this  -19.5  db  sidelobe 


(-19.5  db) 


(0,)ei)  =  .0100  (-20  db) 

therefore  from  4,  5,  and  6  and  remembering  that  C  = 

^2-2 

.0112  -  .0100  =  — -  -  .0012 

Lr 

O 


B2 


then  assuming  a  gain  of  26  clb  (2*^  beamwidth  line  source)  ^ 

r2  .0012  X  400  ..  ,oq 

4  - - 5 -  =  .0487  radians  RMS  {B8 

7T^ 

from  (3)  and  (8) 

a  ^  =  1.09  X  lO"^  radians  RMS  (B9) 

P 

=  +0.9°  peak  phase  error. 

The  phase  delay  through  the  small  path  is  /T  x  180°.  Therefore  over 
two  parallel  btrt  equal  length  paths  in  which  a  nominal  dielectric  constant  of 
9  varies  by  some  amount  X  it  must  be  true  that 

/OO  (180)  -  /9.00-X-  (180)^0.90  (BIO 

solving  for  X 

1x1^0.03  (Bll 

and  the  dielectric  constant  must  therefore  be  held  to  9.00  ±.03  in  order  to  ins 
19.5  db  sidelobes.  While  this  criteria  is  certainly  quite  restrictive  there  are 
a  few  materials  such  as  alumina  creamic  which  have  this  homogeneity. 


TANDEM  COUPLERS  AND  PHASE  SHIFTERS:  A  NEW  CLASS 
OF  UNLIMITED  BANDWIDTH  COMPONENTS 

By 

I-  P.  Shelton*,  R.  Van  Wagoner  and  J.  J.  Wolfe 
Radiation  Systems,  Incorporated 
Alexandria,  Virginia 

1.0  INTRODUCTION 


A  new  class  of  tandem  couplers  and  phase  shifters  has  been  developed. 
The  bandwidths  of  these  components  may  be  extended  almost  without  limit. 
These  components  consist  of  a  series  of  coupling  sections,  having  relatively 
low  coupling  coefficients,  arranged  in  tandem  to  achieve  overall  coupling 
values  of  any  desired  strength.  When  used  for  octave  bandwidths  of  oper¬ 
ation,  the  advantage  of  this  technique  is  that  it  allows  the  fabrication  toler¬ 
ance  to  oe  relaxed  by  a  factor  of  five  or  six.  This  same  technique,  by  virtue 
of  the  increased  spacings  between  the  tandem  coupling  sections,  allows 
components  to  be  developed  for  high  average  power  applications.  For  example, 
RSi  has  developed  and  tested  a  3-db  quadrature  coupler  capable  of  nandling 
7.  5  kw  of  average  power. 

Perhaps  the  most  important  asset  of  the  tandem  technique  is  that  it 
allows  almost  unlimited  bandwidths  of  operation  to  be  achieved.  This  broad 
bandwidth  capability  is  made  possible  by  the  fact  that  the  requirement  for  in¬ 
creased  coupling  ratios  for  increased  bandwidths  may  now  be  alleviated  by 
the  use  of  a  series  of  tandem  coupled  sections.  For  example,  an  elght-to-one 
bandwidth  coupler  has  been  developed  with  a  coupling  variation  of  less  than 
_t0.  5  db.  Complementary  to  the  development  of  these  quadrature  couplers  has 
been  the  development  of  the  fixed  phase  shifters  for  similar  bandwidth. 

Measured  data  are  given  for  octave  bandwidths,  elght-to-one  band- 
widths,  and  preliminary  data  on  17-to-l  bandwidth  couplers  and  phase  shifters. 
Tne  technique  used  to  integrate  these  hybrid  couplers  and  phase  shifters  into 
feed  matrix  assemblies  is  also  illustrated. 

2.0  REVIEW  OF  THEORY  OF  SIMPLE  DIRECTIONAL  COUPLER 

The  oasic  theory  of  operation  of  the  parallel-coupled  directional 
coupler  is  reviewed  briefly  for  the  benefit  of  those  unfamiliar  with  this  general 


*Mr.  Shelton  is  now  a  member  of  the  staff  of  the  Institute 
for  Defense  Analyses,  V/ashington,  D  C. 
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type  of  component.  Figure  I  illustrates  the  opi^ration  in  terms  of  the  evei 
ard  odd  modes  of  the  coupled  region.  The  concept  of  even  and  odd  mods 
for  such  a  structure  is  very  powerful  because  it  allows  'analysis  of  the  ne 
work  as  a  two-port  rather  tttan  as  a  four-port.  From  the  illustration  it  is 
that  the  coupled  region  rept'eserii.s  a  low  impedance  for  one  mode  and  a  hi 
Impedance  for  the  other.  Thus,  each  mode  is  reflected  by  the  coupled  re{ 
the  magnitude  of  the  reflection  depending  upon  the  length  of  the  region  an 
the  mode  impedance. 

The  reverse  coupling  characteristic  is  achieved  by  tlie  opposite  si 
of  the  reflection  coefficients  for  the  two  inodes.  The  voltage  reflection  * 
efficient  from  an  upward  impedance  step  is  positive,  while  that  from  a  doi 
ward  step  is  negative,  it  is  this  characteristic  that  accomplishes  the  trai 
of  energy  from  the  input  port  to  the  opposite  port.  The  analysis  of  the  coi 
ponent  for  energy  fed  into  a  given  port  is  outlined  below. 


Input  amplitudes 

J 

0 

Even  Mode  component 

tl/i 

+1/2 

Odd  Mode  component 

+  1/2 

-1/2 

Reflected  Even  Mode  component 

+1/2  r 

+1/2  r 

Reflected  Odd  Mode  component 

-1/2  r 

+1/2  r 

Total  Reflected  (coupled)  Amplitudes 

0 

r 

The  transmission  coefficients  for  the  two  modes  are  both 

positive,  so  that 

the  energy  emerging  from  the  other  end  of  the  coupled  region  maintains  th€ 
same  relative  distribution  as  at  the  input  end.  Thus,  in  order  to  insure  tl 
proper  cancellation  of  reflected  components  at  llie  input  port,  the  reflectic 
coefficients  of  the  even  and  odd  modes  must  be  of  the  same  magnitude.  Ii 
the  characteristic  impedance  of  the  uncoupled  transmission  line  is  Zq,  th 
even-mode  impedance  of  the  coupled  region  is  Zoe»  and  the  odd-mode  im¬ 
pedance  of  the  coupled  region  is  Zqq,  the  reflection  coefficients  will  hav 
the  same  magnitude  if  Z^/Zoo  =  Zoe/Zo-  This  leads  directly  to  the  well- 
known  expression,  Z(;>eZoo  =  2§ ,  which  guarantees  perfect  match  and  iso¬ 
lation  for  these  directional  couplers. 


Therefore,  the  performance  of  any  parallel-coupled  directional  cou 
can  be  described  in  terms  of  the  reflection  characteristics  of  a  single  mod' 
provided  the  required  inverse  relationship  between  even  and  odd  mode  im¬ 
pedances  is  maintained.  For  the  single  coupled  region  with  Z^q/Zqq  =  p 
and  length  -  9,  a  straightforv;ard  transmls.«;lon-llne  calculation  yields 


Vc  = 


1  k  sin  9 

CCS  9  f  j  sin  9 


9 


where: 


k 


p  *■  1 


For  loots  coupling,  that  Is  for  p**  1  small,  the  voltage  coupling  co> 
efficient  is  nearly  sinusoidal  with  frequency.  For  singer  coupling,  the 
curve  tends  to  be  flatter  than  a  sine  curve. 


3.0  THEORy  OF  OPERATION  OF  WIDEBAND  COUPLERS 

The  coupler  can  be  further  analyzed  for  the  case  of  loose  coupling. 

For  p^  1,  Vc  J  Ic  sin  0.  Another  way  of  looking  at  the  operation  of  the 
component  is  to  consider  the  reflections  from  the  Individual  Impedance  steps. 
For  loose  coupling  these  reflections  can  be  added  separately,  since  the 
second-order  reflections  will  be  negligible.  Thus,  the  reflection  coefficient 
for  the  even  mode  at  the  input  to  the  coupled  region,  for  example,  is  given  by 


r  = 

'  p+ 1 


and  the  total  reflected  amplitude  from  both  ends  of  the  coupled  region  is 
given  by 


Vc  =  J2  p  8ln«  . 
It  is  seen  upon  examination  that 
•>  ^.zJ-  ^  p  -  1 


Yp  +  1 


p  +  1 


or  2  P  k . 


Therefore,  as  one  would  expect,  the  operation  of  the  coupler  for  the 
case  of  loose  coupling  can  be  analyzed  in  terms  of  the  reflection  coefficients 
at  the  impedarx;e  steps. 

It  is  new  possible  to  consider  the  techniques  that  are  available  for 
broadbanding  the  directional  coupler.  From  past  experience  it  can  be  expected 
that  a  broadband  component  will  contain  several  coupled  regions.  One  con¬ 
figuration  for  a  broadband  prototype  is  shown  In  Figure  2.  The  coupler  is  sym¬ 
metrical  in  order  to  insure  phase  quadrature  of  the  outputs  in  applications  with 
close  tolerance  on  phase.  Please  note  the  crossover  of  coupled  ii  ^s  at  the 
center.  The  need  for  this  detail  will  be  clarified  later.  As  with  most  multi- 
section  or  multielement  arrays,  the  operation  can  be  described  in  terms  of 
harmonics.  The  innermost  steps  contribute  a  term  proportional  to  sin  9,  the 
next  steps  out  contribute  a  term  proportional  to  sin  39,  and  so  forth  for  as 
many  odd  harmonics  as  one  wishes. 

The  synthesis  procedure  will  not  be  described  here.  Shelton  has  re¬ 
cently  presented  the  synthesis  of  wideband  directional  couplers  and  fixed 


type  of  component.  Figure  1  lllustratea  the  opr^ration  In  terms  of  the  evei 
and  odd  modes  of  the  coupled  region.  The  concept  of  even  and  odd  mods 
for  such  a  structure  is  vety  powerful  because  it  allows  analysis  of  the  ne 
work  as  a  two>port  rather  than  as  a  four-port.  From  the  Illustration  it  is 
that  the  coupled  region  represen>.s  a  low  impedance  for  one  mode  and  a  hi 
impedance  for  the  other.  Thus,  each  mode  is  reflected  by  the  coupled  ref 
the  magnitude  of  the  reflection  depending  upon  the  length  of  the  region  an 
the  mode  impedance. 

The  reverse  coupling  characteristic  is  achieved  by  tlie  opposite  si 
of  the  reflection  coefficients  for  the  two  modes.  The  voltage  reflection  < 
evident  from  an  upward  impedance  step  is  positive,  while  that  from  a  do^ 
ward  step  is  negative.  It  is  this  characteristic  that  accomplishes  the  trai 
of  energy  from  the  input  port  to  the  opposite  port.  The  analysis  of  the  coi 
ponent  for  energy  fed  into  a  given  port  is  outlined  below. 


Input  amplitudes 

1 

0 

Even  Mode  component 

tl/i 

+  1/2 

Odd  Mode  component 

+  1/2 

-1/2 

Reflected  Even  Mode  component 

+1/2  r 

+1/2  r 

Reflected  Odd  Mode  component 

-1/2  r 

+1/2  r 

Total  Reflected  (coupled)  Amplitudes 

0 
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The  transmission  coefficients  for  the  two  modes  are  both  positive,  so  that 
the  energy  emerging  from  the  other  end  of  the  coupled  region  maintains  th« 
same  relative  distribution  as  at  the  input  end.  Thus,  in  order  to  Insure  tl 
proper  cancellation  of  reflected  components  at  ilie  input  port,  the  reflectlc 
coefficients  of  the  even  and  odd  modes  must  be  of  the  same  magnitude.  l! 
the  characteristic  impedance  of  the  uncoupled  transmission  line  is  Zq,  th 
even-mode  impedance  of  the  coupled  region  is  Zoe>  and  the  odd-mode  im¬ 
pedance  of  the  coupled  region  is  Zqq,  the  reflection  coefficients  will  hav 
the  same  magnitude  if  Zq/Zoo  =  Zoe/Zo-  This  leads  directly  to  the  well- 
known  expression,  Zq^Zoo  =  Zq  ,  which  guarantees  perfect  match  and  Iso¬ 
lation  for  these  directional  couplers. 


Therefore,  the  performance  of  any  parallel-coupled  directional  cou 
can  be  described  in  terms  of  the  reflection  characteristics  of  a  single  mod' 
provided  the  required  inverse  relationship  between  even  and  odd  mode  im¬ 
pedances  is  maintained.  For  the  single  coupled  region  with  Zqq/Zqq  =  p 
and  length  -  g,  a  stralghtforv;ard  transmission-line  calculation  yields 


'  In  general,  the  lower  p,  the  greater  the  separation  between  transiinl salon 
>■  lines,  with  resultant  difficulty  in  stepping  in  to  more  tightly  coupled  sections. 

Of  course,  the  first  instance  in  which  the  tandem  configuration  was 
used  was  the  single -section  coupler,  in  which  the  relatively  strong  coupling 
coefficient  associated  with  a  three-db  coupler  was  avoided  by  using  two  8.  3 
db  couplers  in  tandem.  The  primary  reason  for  this  design  approach  was  the 
improvement  in  strip-trans  miss  ion-line  mechanical  tolerance,  which  is  out¬ 
lined  in  the  table  of  Figure  4  (a).  By  coincidence,  the  8.  3  db  coupled  regions 
can  be  realized  quite  conveniently  with  a  three-layer  sandwich  in  which  the 
thicknesses  of  the  layers  are  the  same.  In  addition  to  improved  reproducibi¬ 
lity  which  results  from  the  superior  mechanical  tolerances,  the  tandem  realiza¬ 
tion  allows  the  design  of  three-db  couplers  at  relatively  high  microwave  fre¬ 
quencies  without  the  use  of  elaborate  tuning  adjustments.  For  example,  a 
commercially  available  three  db  coupler  operating  in  the  S-band  region  contains 
six  tuning  screws.  Furthermore^  the  increased  spacing  between  center  conduc¬ 
tors  in  the  coupled  regions  enables  the  use  of  these  components  at  increased 
power  levels. 

In  the  case  of  single-section  components,  a  small  price  is  paid  for 
the  use  of  the  tandem  configuration  in  the  form  of  slight  degradation  of  the 
bandwidth- vs -coupling  tolerance  curve,  as  shown  in  Figure  4  (b).  It  is  seen 
that  an  octave-bandwidth  three  db  coupler  has  a  tolerance  of  ^  .  31  db  for  a 
single  coupled  region  and  +  .  45  db  for  tlie  tandem  arrangement. 

5.0  COMPONENT  DESIGNS  AND  TEST  RESULTS 

Tandem  components  of  widely  varied  design  and  construction  have  been 
fabricated  and  tested  at  Radiation  Systems,  Incorporated  since  early  1962. 

These  components  vary  from  relatively  narrow-band  units  to  components  that 
cover  17:1  bandwidths.  Frequencies  of  operation  vary  from  V.  H.  F.  through 
X’ band.  In  all  cases  the  results  have  been  satisfactory  and,  it  is  felt,  better 
than  might  have  been  obtained  through  previously  available  techniques.  The 
tables  in  Figures  5  and  6  list  design  values  for  the  coupling  coefficients  of 
several  couplers  and  phase  shifter  designs. 

5.1  Octive  Bandwidth  Units 

The  performance  data  for  a  typical  octave-band  coupler  fa¬ 
bricated  of  three-layer  strip  transmission-line,  are  shown  in  Figure  7.  Twelve 
of  these  couplers  were  fabricated  for  a  particular  hardware  requirement.  Per¬ 
formance  data  on  all  units  were  identical  within  the  measurement  tolerances  of 
the  equipment  used.  These  couplers  were  not  tuned  or  adjusted  in  any  manner 
during  the  fabrication  and  testing  process.  This  experience  is  by  no  means 
unusual  for  tandem  components. 
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Th«  data  shown  In  Figure  8  Illustrates  the  performance  of  a  90  degn 
phase  shifter  that  was  designed  to  be  used  with  the  3  db  couplers  discusse 
In  the  above  paragraph. 

5. 2  High  Power  Units 

Tandem  couplers  have  been  designed  ani  constructed  to  open 
with  rather  high  power  levels.  The  photograph  of  Figure  9  illustrates  three 
three  db  couplers  that  have  been  fully  tested  at  an  average  power  of  7.  5  kv 
at  a  frequency  of  136  me.  The  three  db  coupling  tolerance  is  within  +  0. 1  d 
the  V8WR  Is  less  than  1. 1  to  1,  and  the  isolation  is  greater  than  28  db  ove: 
the  30  percent  band  of  operation.  This  coupler  is  designed  utilizing  conve 
tlonal  three-layer  strip  transmission  techniques;  however,  the  center  condi 
are  oiachlned  from  1/16  inch  brass  and  the  dielectric  material  is  machined  : 
solid  teflon  sheets.  The  overall  package  is  1  3/16  inches  thick,  17  7/8  ir 
long  and  6  1/8  Inches  wide. 

5.  3  Eight  to  One  Bandwidth  Component  Design  and  Data 

Die  general  design  procedure  outlined  in  the  previous  section 
was  used  to  determine  the  p  values  and  hence  the  even  and  odd  mode  impec 
of  a  seven  section  8.  3  db  coupler  with  tolerance  of  +  .  35  db  and  a  four  sec 
45®  phase  shifter  wltii  tolerance  of  +  3®.  It  was  decided  to  fabricate  the  ui 
on  copper  clad  polyolefin  base  material  because  of  its  low  insertion  loss  a; 
negllablo  dielectric  constant  variation.  The  units  were  designed  for  a  3  la^ 
strip  transmission  line  package  with  a  s/b  ratio  of  l/9,  using  s  =  .  031  ai 
b  s  .  281.  The  strip  widths  and  gap  spacings  of  the  units  were  calculated  a 
follows: 


Seven  Section  Coupler  Four  Section  Phase  Shifter 


Strip 

Strip 

Strip 

Strip 

width 

Overlap 

_e_ 

Width 

Overlap 

4.4470 

.133 

.  .085 

5.  033 

.  128 

.  106 

1.6256 

197 

..  020 

2.  202 

.  171 

.013 

1.2197 

.215 

087 

1.  462 

.  204 

-  .  037 

1.  0708 

.  219 

-.  187 

1.158 

.  218 

-.113 

Once  these  units  were  realized,  they  were  combined  in  the  pieviously  discuss< 
tandem  technique  to  form  the  final  3  db  hybrid  coupler  and  90®  shifter.  Photog 
of  these  units  are  shown  in  Figures  10  and  11. 


The  forty  five  degree  miters  situated  between  the  quarter  wavelength 
sections  were  found  to  lessen  impedance  discontinuity  caused  by  large  changes 
in  gap  spaclngs  from  one  section  to  the  next.  Final  test  data  of  the  units  are 
shown  in  Figures  12  and  13.  The  power  division  data  recorded  fcr  t.he  hybrid 
coupler  is  very  close  to  the  calculated  curve.  The  relative  phase  data  recorded 
for  the  90°  phase  shifter  indicates  wider  phase  tolerance  than  anticipated. 
However,  part  of  this  discrepancy  was  attributed  to  measurement  errors i  and 
part  to  the  imperfect  realization  of  the  calculated  strip  widths  and  spacings. 

It  is  noteworthy  to  mention  that  it  was  found  that  strip  wid*hs  and  gap  spacing 
tolerances  must  be  held  to  within  ±  .  005“  on  the  loosely  coupled  sections  and 
i  .  002“  on  the  tightly  coupled  sections.  Also,  it  was  found  that  a  slight  varia¬ 
tion  in  thickness  of  the  center  dielectric  layer  had  an  appreciable  affect  on  ♦he 
coupling  valve  of  the  tightly  coupled  section. 

5.  4  Excitation  Assembly 

One  of  the  prime  advantages  of  developing  printed  circuit  hybrid 
junctions  and  phase  shifters  is  the  ease  and  practicability  of  integrating  these 
units  into  matrix  feed  networks  or  excitation  assemblies.  Figure  14  strates 
RSI's  technique  for  laying  out  a  four  part  matrix  using  the  8  to  1  components 
discussed  on  the  previous  section.  The  network  was  used  in  conjunction  with 
a  four-arm  equalangular  conical  spiral  antenna  to  afford  radiation  in  the  sum  (S ), 
Difference  (A)  and  acquisition  (3)  modes  of  operation.  A  block  diagram  of  the 
four  part  matrix  and  resultant  radiation  patterns  are  shown  In  Figure  15. 

5.  5  Seventeen  to  One  Bandwidth  Hybrid  Coupler 

Within  the  last  few  weeks  a  17;1  band  3  db  coupler  has  been 
designed,  fabricated,  and  tested.  A  photograph  of  the  unit  is  shown  in  Figure 
16.  The  experimental  results  cf  this  initial  effort  are  shown  in  Figures  17  and 
18.  It  is  very  encouraging  to  notice  that  the  measured  npp’e  position  and  mag¬ 
nitude  very  nearly  correspond  to  the  theoretical  curve  plotted  in  Figure  1  7.  The 
loss  of  coupling  at  the  high  end  of  the  band  is  due  tc  a  fabrication  difficulty. 

If  the  design  synthsls  was  faulty  the  coupling  curve  would  have  been  symne  tncally 
poor  around  the  center  frequency  of  the  coupler.  It  is  expected  that  slight  lay¬ 
out  adjustments  will  bring  the  coupling  curve  very  close  to  the  theoretical  per¬ 
formance. 
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Figure  1.  Operation  of  Directional  Coupler  on  Mode  Basis 
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Figure  4(a)  Effects  of  Mechanical  Tolerances 
in  Coupling  Tolerances 

Performance 

Phvgical  Characteristics  RSi  Design  Conventional  Design 


Strip  Width,  S- 
Groundplane  separation,  b  - 
Strip  width  tolerance  - 
Material  thickness  tolerance 
(Center  layer) 


S  =  0.  062 
b  =0.  188 

0.  027  db  change/mil 
0.  140  db  change/mil 


S  =  0.014 
b  =  0.  204 
0.  1  db  change/mil 
0.  4  db  change/mil 
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Figure  4(b)  Bandwidth  versus  Coupling  Unbalance. 
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Figure  9.  P«rfornuinc«  of  Octav«>Band  90^  Phase  Shifter. 


Figure  13.  Performance  Data  of  8  to  1  Bandwidth  90^  Phase  Shiftei 
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igure  15.  Block  Diagram  of  Excitation  Assembly  and  Resultant  Radiation  Pattern  of 
Wideband  Antenna. 
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Figure  17.  Comparison  of  Theoretical  and  Measured  Performance  of  Seventeen  to  one  3  db  Coupler. 
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Th»  S«ljdtar  AaUmt  mm  dlMownwl  bj  I.  N.  Turnsr  *nd  V.  P.  Turntr 
at  WPAIB,  Ohio  la  1956,  whiia  faadlag  oo«  lag  of  t  rlodle  spiral 

owr  a  ground  pliaa.  T)m  aatanna  from  tha  atari  dlap:^  1  aeRoaUant  broad¬ 
band  propartlaa,  partiaularly  with  raapa'^  to  iapadaim,  ^  pattama  whlla 
acnaiatant  uara  not  alMgra  tha  aoat  daalrabla  for  aartain  oparatienal 
ragalr— tita,  alaaa  ^praElaatal7  95  paroaat  of  tha  radiatad  tnargp  uaa 
la  tha  rartiaal  plana  and  15)^  la  t2w  hcrlaontal  plana.  Tha  aaoallant 
afflalaaajr  (approartaataly  9!^)$  the  aatrana  ala^lelty,  tha  n^aadnaaa 
of  aoaatruatlon,  and  tha  lair  aoat,  howarar,  eauaad  It  to  find  1  wadi eta 
appUaation.  Siam  that  data  aany  thouaaada  hare  baan  aamfaoturad  for 
aaay  uaaa,  and  aaroaa  tha  antlra  flraquanay  apaotrua  fron  2  ae/a  to  20  go, 
and  for  tmperaturaa  awiaadlng  2000*F.  Tha  natural  Inpadanoa  of  tha 
aonflgaration  daflnad  by  tha  agaatioa  •  Ca  ^  (Pig  2)  liaa 

batMaan  60  and  120  ohaa  dapandii^  tipon  tha  thicknaaa  and  tapari^  of  tha 
aondnator.  Ey  ualng  tha  proper  natohing  taahnlqnaa  it  ia  pdraotioal  to 
Atain  TaHt*a  laaa  than  1.25  oaar  an  oataaa  of  bandaldth  with  a  50  ohn 
Una,  or  laaa  than  1.5  over  a  lOil  bandwidth.  Tha  pattama  oan  ba  nodifiad 
annaldarably  by  tha  a  and  0  fhotora  of  tha  aquation,  howarar,  tha  ganaral 
pattam  aonflipontlona  r—inad  alnilar. 

Zt  waa  known  fTcn  tha  beginning  that  tha  attenuation  fron  tha  feed 
point  wna  Mrtremly  high,  tlina  little  energy  waa  left  at  tha  and  oppoaita 
tha  faad  point  to  aanaa  raflaatioiis.  An  aanct  analyaia  of  tha  aaar  field 
aurranta  on  tha  atruatura  haa  ranainad,  howarar,  a  aattar  of  apaoulation 
until  raaantly  whan  Ibr.  Hena  Walnln ,  Lwtitut  for  Hoohfraquanatachnik, 

Wadeh  tma  eoiiaaionad  by  HhT  Ddriaioa  under  oontraat  AP  6l(052)-506  to 
atniy  the  aaiaitar  oonfigcrotioo  and  dotaraina  tha  aurrmt  and  roltaga 
dialHhntiona,  and  to  aaka  raeonanadatiwia  frr  an  optinaa  atmatura.  While 
tha  atudy  ia  atill  in  prpgraaa,  a  aonaidarabla  awount  of  raluabla  infomatioi) 
hie  baan  ralaaaad  and  a  auaanry  ia  bdac  praaantad  hare.  Tha  far  field 
pattama  of  tha  rmt  antenna  (Sea  Pig  1;  ware  aada  on  a  nodal  oonatruotad 
at  WPAPB,  and  are  not  naaaaearily  tha  opticw  in  daai4p»,  nor  doaa  it 
aiiylnra  all  parana^tare  whiah  nay  affaat  tha  pattama. 


To  obtain  tha  daaired  data  the  antenna  wna  aplit  into  two  aynwtrieal 
aaatlona  with  holaa  being  drlUad  into  tha  walla  and  alao  in  tha  ground 
plana  (See  Plg>a  2,  3,  and  A)  SbMll  loopa  ware  uaad  to  dotamlna  the  mmatie 
tUiytt  ptohm  warn  uaad  to  obtain  tha  alaatrleal  field.  The  phaaa 
diotrlbutlon  ma  alee  obtained  and  ia  Aown  in  Pig  5.  Sea  figure  6  for 


Ar-wa-o-»ep  64  3oo 


for  a  plot  of  tho  phaao,  S  roctora  In  tho  nMir  flold,  Fi^  7  ahom  a  plot 
of  tho  ottrfaoo  eurronta  on  seiMtar.  Lsraatlfatlona  taaat  bo  aodo  oror  a 
vldo  froquomjr  band,  howoror,  to  got  a  oosq;>loto  Inolsht  Into  tho  oporatio 
of  tho  antonna.  It  la  known  that  ehanitoo  aro  alow  and  orttorlj  for  tha 
far  fiald  pattama,  and  In  tha  Smith  Chart  plot  of  laqwdanoa,  thua  it  la 
oonalndad  that  tha  aaaa  la  trua  for  tha  naar  fiald  paimaatar. 

FlC  0a,  b,  and  e  ahcw  smith  Chart  plota  of  tha  old,  tha  now,  and  tha 
now  antanna  oonfifuratlon  eoopanaatad.  Ton  will  nota  p^loularlj  (a)  th 
ordarllnaaa  of  tha  ljq>adanea  bohawlor,  (b)  tha  impadanea  la  induotlva  arrai 
«f»an  aataona  la  laaa  than  .1  X  In  lanfth,  (a)  tha  rapid  rata  at  whloh  tha 
Impadanoa  noraalloaa  to  Ita  baale  wmlua,  and  (d)  hew  It  la  poaalbla  bgr 
a  aiqpla  BC  natmork  to  ooaqpanaata  tha  antanna  at  fantaatloail7  low  valtma 
of  feaqatoey. 

Tlgaraa  9a  and  b  giro  aaaplaa  of  tha  far  fiald  pattama  of  a  oonvanti 
aaloitar  antama.  Flguraa  11  through  14  glva  Maqplaa  of  tha  far  fiald 
pattama  for  tha  now  aoaflgariatlon.  Ton  will  nota  that  tha  najor  diffarai 
1a  tha  pattama  ara  ttiat  both  tha  Tortloal  and  horlaontal  pattama  lay  nai 
tha  grotaad  plana,  with  vary  llttla  anargy  amarglng  naar  tha  gaoaotrleal 
aaotar  of  tha  antanna.  Ihla  oan  ba  a  daeidad  advantaga  In  aoma  appUeatlc 
Hmj  varlatlona  of  tha  aolnltar  can  ba  aada  to  ehanga  tha  oriantatlon  of  1 
pattama,  and  to  ahlft  tha  anargy  froai  tha  vartleal  to  tha  horlaontal 
polarleatlom.  FMa  aarllar  atmdlaa  of  lapadanea  aatehlng  Dr.  Mainka 
datandnad  that  a  3$*  tapar  from  tha  gronnd  plana  will  provlda  an  almoat 
parfaat  impadanoa  matoh  for  a  50  ohm  tranaadaalcm  Una  fead  throng  a  grov 
plana.  Zt  oan  raadlly  ba  aaaa  from  tha  impadanoa  plota,  that  thla  haa  baa 
atfilofvad  and  naada  Uttla  additional  work.  Dr.  Zy^,  Dnivaralty  of  KLehi 
haa  dmnonatratad  that  by  aalaotlvaly  loading  tha  aoinltar  with  farrlta 
matarlal,  thoa  radmalng  Ita  aiaa.  It  oan  hava  aavaral  oetavaa  of  bandwldtl; 
and  atm  ranaln  ovor  0O9^  afflolant  at  aU  fraquanelaa.  viaw  of  tha 
ladmativa  aatwa  of  thla  antanna  at  tha  lowar  fraqirowlaa.  It  la  do^tfol, 
howmvar,  If  acy  additional  ooepanaatlon  bayond  tha  JtC  natworic  ahown  la 
raqa^Lrad  or  daalrad. 


Ccnalmaioea 

(1)  Both  tha  old  and  tha  now  eonfiguratlona  of  tha  aoiadtar  hava 
fantaatia  ablUtlaa  to  radiata  anargy  with  Uttla  or  no  and  affaata,  and 
with  afflaianalaa  abora  9?%, 

(2)  Tha  Impedanoaa  oan  ba  aatohad  to  approaoh  that  of  a  tranaalaaloa 
Una  ofor  arv<MPal  oatavma  of  bandwidth. 

0)  polarlaatlon  la  Una^,  but  la  orLantad  dlffarantly  for  all 
pointa  In  apaoi. 


(4)  Ths  pkttwtm  9X9  ttoapltx  and  r*<tuiro  euta  in  all  prlnalpal  planaa 
for  both  Eg  and  Sa’  polarlaatloM  to  gut  a  eoaprahanai'rt  thrM  dlaanaional 
jdotura  of  tha  toMrgjr  diatrlwition.  A  eonaldarabla  ahift  In  pattama  eaa 
ba  aehiarad  bgr  an  anfiar  rotation  of  tha  oonfifuratlon  ovar  tha  (round 
plana  and  by  a  tapar-lng  of  tha  oondusttor  froai  tha  faad  point  to  tha  taraination. 

(5^  Tha  aelJBitar  aan  radiata  affieiMitly  whan  laaa*  than  .1  in  langth. 

(6)  Ita  uniqua  propartiaa  ahould  aaka  it  an  inportant  tool  in  tha 
antanna  art  for  aany  applioatlona. 
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for  t— ting  and  ealibratlon  of  radar  ajrataaa,  tha  arailabla  apaea 
and  dlatanoa  baaoaaa  a  Mjer  problaai.  Tha  far-flald  erltarla  ganarally 
raquiraa  that  larft  diatanaaa  aaparata  tha  two  aatanaae  uadar  eonaldaratlon. 
In  ordar  to  oforoowa  thia  obataela,  flapublie  haa  iaToatifatad  tha  aoarrfiaXd 
eharaetarlatlaa  of  a  ■oaopalaa  antanna  in  both  *fraa-apada*  and  anachole 
ohaidbara  (rafaranea  1).  Tha  findiBga  indieatad  that  phaaa  eorraetion  of 
tha  aaar-flald  la  raqairad  in  ordar  to  proparly  ainilata  tha  far-f iald 
at  ahort  dlatanoaa«  Ihis  papar  daaerlbaa  tha  utiliaatieo  of  a  nierowaTa 
lOM  for  phaaa  oonpanaation  of  tha  naar-fiald  arrora. 

aaonatrle-optleal  taehniquaa  ara  anployad  for  aatabliahing  tha  wali 
known  far-f  iald  eritaria  and  tha  nagnitnda  of  phaaa  arrora  anoounterad.  Tha 
eoUlaation  of  wierewafa  anargjr  by  a  lana  ia  praaantad*  Thia  oollination 
notion  la  rarifiad  by  anplituda  and  phaaa  data  talcan  fron  naar-fiald  proba 
aaaaarawaata  of  a  alorowara  Xmio* 

Far-flald  data  takan  on  a  12$  faat  "fraa-opaea”  ranga  ia  praaantad. 
Thia  data  la  ooaparad  ta  naar-fiald  data  takan  with  a  nlorowara  lana  at  an 
antanna  dlatanoa  aaparation  of  16  inehaa.  A  fonr  bom  Z^and  nonopulaa 
antama  ana  ntUiaad  for  all  taota.  Tharafora  tha  d..ta  inolndas  both 
aloTOtion  and  asinnth  radiation  pattamo  for  tha  mm  and  diffaranea 
channala.  Alao  praaantad  ara  data  for  tha  anplituda  and  phaaa  of  tha 

I  ’ 

diffaranea-to-ovn  ehannal  ratio  ia  tha  alaration  plana.  Boreslght  arror 
iianaiirananta  and  ealibratlon  taehnlqna  to  allninata  thaaa  arrora  ia  da- 
aerlbad. 

It  la  eomlnO«^  that  a  nlerawaTa  lana  in  tha  naar-fiald  is  an 
affaotlra  aathod  for  aeeorataly  •inulatlnf  tha  BF  oonditiona  of  tha 


A.  nmcpqcwoii 

(kM  oi  Urn  prthltm  oftan  •iis9unt«r«d  in  th«  t««tlnc  and  eallbrstion 
of  radar  ajataaa  la  tha  larta  apaea  ]r«<|uirad«  Tha  far*fiald  eritaria 
aatabllahad  allowabla  <|oadratia  phaaa  arrora  aeroaa  tha  ^)artura  of  tha 
radar  aatanna.  Thla,  la  turn,  dataralnaa  tha  antanna  aaparatlon  whloh 
nuat  ba  aaad.  Sapubllc  haa  laaaatlcatad  tha  naar-fiald  eharaotarlatlea 
of  a  aonopulaa  aatanna  In  both  fraa-apaea  and  aaaehele  ehaabara  (rafaranoa 
1).  Tha  ealnalatad  alnAaBn  taat  ranfa  waa  bO  faat.  Tha  data  obtainad  la- 
dleatad  that  a  ranga  of  bO  faat  aaa  narglhal,  vhila  raaulta  at  50  faat  vara 
aatlafaotarj  for  boraalght  aaaavaaanta.  Fnttam  waaaoraaanta  raqulra 


For  an  artatm  balng  taatad  la  tha  naar  fiald^  aona  naana  of  oor* 
raetlnc  tha  IneldMt  phaaa  front  la  naoaaaary  If  meanlnffal  data  la  to 
ba  obtainad*  RapobXie  ntilisaa  a  dlalactrlo  n'eroaatra  lana  in  a  anall 
anaehoio  ehadhar  for  flig^it  llna  taating  of  airboma  radar  aTStera.  Tha 
■dcrowara  lana  eonrarta  tha  ineldant  phaaa  front  fron  tha  faad  hem  into 
a  plana  phaaa  fpont  idiieh  illmlnataa  tha  antenna  of  tha  radar  ayatan* 

Tha  radar  eparataa  in  a  nomal  faahlon  end  all  aodaa  of  oparatlon  and 
naeasaary  oallbratlona  ara  ohaekad*  Of  prlaary  intaraat  la  olaaranea 
plana  calibration  for  tarraln  aroldanea.  Thla  raquiraa  aeeurata  boraalght 
aada  naaauraMnta*  Tha  uaa  of  tha  dlalaotrle  nlcroaaTa  lana  In  thla 
applleatlon  haa  allnlnatad  tha  naeaaaitj  of  a  flight  baat  for  olaaranea 
plana  eallbration. 

B ,  DIBUCTHIC  LENS 
1.  Lana  Oaalgn 

Tha  funoMon  of  tha  dialactrie  lana  aa  uaad  in  radar  testing 
and  eallhratlon  la  to  aodlfy  tha  phaaa  fronta  of  a  radiating 
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MivM.  Hm)  eofit<3«r  of  ImtiM  turfaM  it  dttlfntd  utlag  tht 
prtDti^ltt  of  gtowtirlctl  optlet,  a  oroetdtirt  eomaonlj  roftrrod 

M  rajr  traelng*  Tha  alaotrlaal  path  langth  of  a  raj  la  datarmlnad 
hgr  tha  protfoet  of  tha  phjaleal  path  langth  and  tha  indax  of  ra- 
fMetlon  (f^)  of  tha  naditJi  la  which  tha  ray  ia  propaftting*  Tha 
ladaK ,  of  raf raetion  )  ia  aqual  to  tha  a<iuara»root  of  tha  di* 

olaatrla  aonataat  )•  Lana  daalgn  ia  baaad  on  tha  prlnolpla  of 
aqpMlltj  of  alaotrleal  patha  along  raya  batwaen  paira  of  waraflronta 
and  an  dtaall*  law  of  rafkaetlon.  Tha  thaorj  of  raelproeitj  will 
tpplj  ta  a  dlalaetria  lana.  If  tha  lana  eonwarta  to  a  tpharleal 
aqpiphaaa  aarfaea  fron  tha  aouroa  loeatad  to  ita  laft  into  a 
plana  aqalphaaa  aarfaea  on  ita  right,  it  will  bring  to  a  foeua  tha 
anargj  in  a  plana  wawa  inoidant  Aren  tha  ri^t. 

If  ona  aarfaea  of  tha  lana  eeineidaa  with  an  aquiphaaa  Aront, 
than  tha  ragra  ara  rafraetad  onlj  at  tha  othar  aurfaea.  Coneldar  a 
lana  with  ona  plana  awrfaea  and  rotational  Bjmwtrj  about  an  axis. 

A  arena  aaotion  ia  ahown  in  figara  !•  Tha  aquation  of  tha  rafraeting 
aarfaoa  naocaaarj  to  oonvart  a  apherieal  phaaa  front  into  a  plana 
front  naj  ba  <d>talnad  fron  tha  condition  that  tha  alactrical  path 
langth  through  an  ax^itrarj  point  (?)  ahall  ba  aqual  to  tha 
alaotrleal  path  langth  on  tha  axia.  This  condition  la 

{F?)  -  (FQ)  *  (QA')if  (1) 

vlMrc'Tr  tlM  IndiK  of  rofroetlon  of  tho  dlolootrlo  notorlol^^o 
Thaaa  path  langlha  ara  illuatratad  In  figura  1.  Tha  di8tanea(?Q} 
ia  tha  focal  langth  (f)  of  tha  lana.  Iquatien  (1)  oan  ba  ra> 
wrlttan  in  polar  eoordlnata  ( )  forn  as 

r  »  -f  ♦  ^  r  CO*  0  -  -f  )  (2) 

or,  aolrlng  for  r  , 


(3) 


NhMiiii  fr««Ur  than  om,  action  (3)  la  that  of  n  hgrparbola  af 
acoantrioltgr**^  •  Althmich  flnall'a  Law  of  roAraetlon  waa  not  aaad 
in  darlrlaf  tha  aquation  of  tha  lana  martac*,  it  oaa  ba  ahowa 
to  ba  aatiaflad. 


lha  thlekaat  part  of  tha  lana  la  on  tha  axia.  ^ha  ihlakaaaa 
(t)  of  tha  lana  at  thla  point  la  glran  bj 

4  -  t  *  6aa^)  (Ij) 

whom  R  and  ara  tha  eoordlnataa  of  tha  lana  apax  whara  tha  di« 
alaatrla  raaehaa  saro  thloknaaa.  Tha  thleknaaa  (t)  oaa  ba  found 
la  tana  of  tha  focal  length  (f),  t-?a  rafraetira  indax  (ff)  and 
tha  lana  dlaaatar  (0)  bj  araita  of  tha  aquation 


t  *  - 


v*l 


-  / 


(5) 


Tha  thleknaaa  (d)  at  aiqr  point  on  tha  lana  anrfeea  daflnad  bgr  tha 
ooordinatca  (  r,0)  la  giran  b7 


rf-  ^  t 


2)  Daalgn  Approach 


(6) 


Tha  lana  to  ba  uaad  In  tha  tost  aTotan  haa  two  fizad  paranatara 
datarralnad  by  aisa  eonaldaratlona.  Topical  raluaa  of  thaaa  para^ 
natara  ara  a  focal  langth  (4  )  of  20  inchaa  and  a  diaaataz-  (O)  of 
36  Inchaa.  Tha  daalgn  approach  auggastad  la  outlined  below. 


a)  Datamina  a  naxlnaai  allowabla  thleknaaa  (  t  nax.)  for 

I 

tha  lana.  Wialght,  dialactrlc  loaaea  and  overall  dimension 
raquiramenta  will  limit  (t).  Tha  coordinates  of  tha  lana  l^>pax 
(  R  and  9»)  nay  ba  found  gaomatrlcally. 
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tklr9  •^nation  (U)  for  tha  indaoe  of  raftraetlon  (7  )• 

/i(t~cu9.y  ♦  ^*4,  f- 

■n-  - m 

IMa  raaalta  In  a  alnlMaa  allooabla  valoa  of  dlalaetrlc 
aonotant  (  4r  aln}* 

0)  Oataralna  a  nlnlnnia  allewahla  thioknaaa  (t  »in)  for  tha 
lana*  Ttw  lana  moat  raaain  atrootiirallj  sound  at  tha  nlnlMui 
thleknaaa.  Afaln,  datcrmlna  S  and  O0  caonatrleally. 

d)  Solaa  aqoatlon  (7)  for  tha  indax  of  rafractlon.  This 
raattlia  la  a  aarimw  allovabla  Talua  of  dlalactrle  constant 
(  4^  mx). 

FoUoainc  tha  aboaa  proeadura,  a  ran^  of  allowabla 
thlcknaaa 

^  ala  ^ 

vUl  datandna  a  ranga  of  allowabla  dlalactrle  constant 

^*aln  «  ifr  "1"  4*  ^  €^nax  r  7’f*'  w 

Tha  final  stop  In  tho  daalgn  la  than  to  choose  a  natarlal 
vhoaa  dlalactrle  constant  la  In  tha  allwebla  ranfca  and  daterml 
tha  aquation  of  tha  hTparbololdal  surfaca. 

Uhan  aatarlal  of  a  glran  dlalaotric  eonatant  is  specified 
the  paranetere  arailable  for  design  ere  the  lens  diameter  (D) 
the  ^ana  thleknaas  (t)  and  tha  focal  langth  (f).  0ns  of  thesa 
paraMtars  aajr  than  ba  flxad  to  a  giren  Talua  and,  ranges  of 
allowabla  raluaa  datamlnad  for  tha  ranalnlng  two  peraieatera. 
Tha  procaadura  la  aasantlalljr  tha  sana  aa  outlinad  above ^ 


U 


lh«  l«hs  in  th*  test  prograa  mm  iMd*  of 

pliociglnat  ( fr*  2«$6)«  It  hM  n  dloMtor  (D)  of  36  iaihtiB, 
o  thleknoss  (t)  of  8.6  inohos,  «nd  a  focal  length  (f )  of  20 
Inehoa. 

3*  Lena  Perfomanee 

The  iUia' nation  aeroea  the  aoerture  of  the  lane  is  a  result 
of  the  nrlnarj  lUunlnation  of  the  feed  horn  and  the  effeote  of  the 
lane  on  this  primary  pattern.  The  lens  hot  only  changes  the  shape  of 
the  incident  phase  fronts  hut  also  introduces  an  aeplitude  rariation 
aeroea  its  aperture.  The  effect  of  the  lens  on  the  illumination  of 
an  l8tror>iC  source  is  shoen  in  figure  2  (see  reference  2).  fixperimental 
data  (figure  3)  indicates  that  the  lens  farms  phase  fronts  olana 
to  within  ^/|g  (  2  millimatcrs)  and  introduces  an  amplitude 

taper  of  10  DB  which  includes  ^e  primary  feed  illumination  taper. 

The  lens  accounts  for  7.h  OB  and  the  feed  horn  introduces  i4>proKiaately 
2  0B. 

The  Tarlatlon  in  illumination  orer  the  aperture  of  the  radar 
antenna  being  tested  will  be  about  5  OB.  This  taper  is  added  to  the 
illumination  taper  already  designed  into  the  radar  antenna.  An 
Incfease  in  measured  beamwidth  and  sidelobe  lersl  is  expected . 
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c.  mamx  nan  with  pmacTRic  -ibws  * 

A  foiir-lMDni  unopwlf  antMiM  wm  tMtad  on  a  Aroo-opiMO  12$  foot 
roiifo  oat  at  a  diataaoa  of  16  iaelMa  fron  tha  faoa  of  Urn  dlalootario 
Iona*  Tha  data  takaa  inaladaa  radiation  pattorna  and  difforaaoa-to-am 
ahanaal  ratio  ewraa*  flfora  li  lUuatrataa  tha  taat  aat-up  utill»i;if 
tha  dialaatrla  laoa. 

Tha  pattama  praaantad  In  Figoraa  $  to  8  rarify  original  axpao- 
tationa*  Tha  half-powar  baa<arldtha  ^ow  llttla  or  no  Ineraaaa  whan 
naaaarad  with  tha  lana*  bat  baan  broadaninf  la  awldant  at  largar  aean 
anglaa.  Sldalaba  lawala  Incraaaa  at  aean  anglaa  of  10  dagraaa  or  graatar 
with  aoaa  ohangM  In  aldaloba  atruetura.  la  tha  raglon  of  Intaraat  for 
radar  afataa  taatlng,  la.  tha  boraal^t  region,  tha  pattama  ara  virtiially 
Idantlaal  «haa  naaaarad  in  fTaa  apaea  or  with  tha  Ians. 

Iba  dlfforanaa  ahannal  infomatlon  of  a  nonopulaa  radar  antanna 
apatan  aanalata  of  two  radiation  loboa  of  oppoaita  phaaa.  Tha  eroaaorar 
point  or  ladl  la  oaad  to  daflna  tSta  location  of  tho  boraal(^t  axia.  kcj 
apparant  ahlft  of  thla  noil  trm  tha  daflnad  boraaight  axia  aa  datamlnad  bjr 
tha  aataana  glnhalUag  la  eonaldarad  to  ba  a  bcraalght  error  (BS8).  Tha 
prooaaaad  aignal  naad  hj  tha  radar  ayatem  in  locating  targsta  eonalats  of 
tha  ratio  of  difforonao  to  mm  aignal  anplitndos  anltlplied  by  eoalne 
of  tho  phaao  of  tho  dlffaraneo  aignal*  Thia  phaao  la  referenced  to  the 
ena  ohamel  loba*  Ona  dlffaranea  ehannal  loba  la  in  oheae,  the  other 
la  180  da^raaa  out  of  phaae*  In  the  boresl^.t  region,  the  phaae  ehangea 
rapidly.  A  phaaa  arror  in  thla  region  will  ehift  the  eroseover  point 
left  or  rl^t,  raeultlng  in  boreel^t  errore. 

Tha  r  atlo  of  tha  dlff aranoa  oharvial  anplituda  to  tha  sum  ohannel 
aaplitada  (  tha  phaaa  dlffaranea  of  tha  two  ehannele  O ) 
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wart  MMurvd  eo  th«  125  foot  tr—  spAcc  rangt  and  with  th«  l«m«  Tha 
ramlta  of  tho  oooooiOMnt  la  ahcwn  in  Figaro  9*  ^gola,  tho  data  aro 
▼Irtaallj  idoatleal  wtaon  Masurod  in  froo  opaco  or  with  tho  lano. 

Bgr  dlaplaelng  t!io  food  hem  off  tho  lono  axio,  tho  radar  roeoiToo 
a  aignal  fron  a  difforont  apparont  dlroetion.  Thia  ia  duo  to  tho  ro- 
aultlng  tilt  la  tho  Ineldont  phaoo  front.  For  radar  ajatoa  calibration 
purpoooa,  a  aaxinua  phaoo  front  tilt  of  6  dogroeo  vaa  roquirod.  Testa 
woro  eonduetod  relating  hem  diaolaeoaont  to  angalar  tilt  of  tho  phase 
front  and  a  oallbration  chart  was  gonoratod  for  tho  Iona.  Tho  calibration 
euros  was  used  in  aaboequont  flight  lino  testa. 

D.  COWCLDSIONS 

Ropohlie  has  eonduetod  an  extonalro  tost  program  to  proro  tho  ralidity 
of  radar  STSton  ehoek«out  utilising  a  alcrowaTo  dielectric  lens.  Tho 
progran  inelndOd  toots  on  tho  Iona  as  a  phase-front  forming  dorieo  and  its 
effect  on  antenna  moaourements  such  as  patterns  and  boroaight  error.  The 
Iona  baa  also  boon  used  as  an  integral  part  of  an  automatic  radar  tester. 
Cocqpariaons  hare  boon  made  to  testers  which  use  a  small  anochole  chamber 
without  phase  correcting  derlces.  Sraluatlon  of  tho  data  obtained  has 
shown  tho  lono  STStom  to  be  the  most  suitable  of ^ho  short  range  techniques 
arailable.  ipproclatlon  Is  extended  to  Dr.  Henrjr  Jasik  who  conducted  this 
Independent  owaluatlon 
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FIGURE  1  >  Equation  and  Gsometry  of 
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HF  8HUMT  ANTENNAS  FOR  ILSCTREALLT  SHORT  AIRCRAFT 


BY 


DONAID  G.  GORZ)ON 
DESIGN  ENGINEER 

NORTH  AlIERCAN  AVUTDN,  2NC/LOS  ANGELES  DIVBION 


A  PAPER  HtESENTED  AT  THE  14TH  ANNUAL  SYMPOSIUM  ON 
CSAF  ANTENNA  RESEARCH  AND  DEVELOPMENT 


I  !NTR<M)UCTION 


This  paper  discusses  an  HF  antenna  concept,  enumerates  its  advantages 
for  high-speed  aircraft,  and  presents  data  resulting  from  a  research  study  on 
this  antenna  type.  This  research  is  continuing  at  the  Los  Angeles  Division  of 
North  American  Aviation  with  the  objective  of  antenna  design  parameter 
development. 

It  is  well  established  that  an  airborne  HF  antenna  Qpe rates  by  coupling  to 
the  resonant  modes  of  the  aircraft  structure  so  that,  in  effect,  the  entire 
vehicle  functions  as  an  antenna.  There  are  two  basic  ways  to  excite  an  air¬ 
frame  -  the  shunt  feed  method  and  the  series  feed  method.  The  series  feed 
method  consists  of  electrically  isolating  a  ix>rtion  of  the  aircraft  from  the 
main  body  and  feeding  the  antenna  between  the  gap.  This  is  a  high-voltage 
device  and  is  often  called  a  voltage-type  antenna.  The  probe-  and  cap-type 
antennas  are  the  familiar  examples  which  have  comprised  the  most  often  used 
solution  of  the  HF  excitation  problem. 

The  shunt  feed  method  utilizes  a  type  of  shunt  strip  that  is  shorted  to  the 
airframe  at  one  end  and  runs  parallel  to  the  aircraft  surface  to  the  feed  point. 
This  is  a  high  current  device  and  is  therefore  often  called  a  current-type 
antenna.  This  paper  concerns  itself  mainly  with  the  shunt  antenna  concept. 


n  ADVANTAGES  OF  SHUNT  ANTENNAS 


Structural 


Series-type  antennas,  as  previously  stated,  involve  the  electrical  isola¬ 
tion  of  a  portion  of  the  aircraft  structure  by  means  of  dielectric  materials. 
This  structural  problem  becomes  very  difficult  to  solve  for  high-speed  air¬ 
craft.  At  speeds  above  Mach  2,  air  friction  causes  very  high  temperature  on 
the  aircraft  skin.  At  Mach  3,  temperatures  in  excess  of  600 °F  are  encoun¬ 
tered.  A  great  thermal  and/or  structural  stress  is  put  on  the  dielectric  mate¬ 
rials  used  for  isolation.  Shunt-type  antennas,  however,  can  have  their  shunt 
element  centrally  located,  even  on  the  fuselage  itself.  This  fact  results  in  a 
much  greater  structural  integrity  for  shtmt  antennas  since  the  shunt  element 
can  be  located  in  regions  of  lower  temperature  and  less  structural  stress. 


Efficiency 

The  systems  efficiency  of  an  HF  antenna  depends  in  large  measure  on  the 
efficiency  of  the  coupling  circuit  used  to  match  the  antetina  to  the  transmission 
line  from  the  transmitter.  The  series-t3rpe  antennas  need  coils  in  their 
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coupl*  r  circttItB  and  these  coils  are  very  large  and  lossy  at  the  lower  frequ 
cies.  Shunt  antennas  at  these  frequencies,  iiowever,  can  be  matched  with  1 
loss  r’,rriiits  composed  solely  of  ciq)acitor8.  This  advantage  becomes  very 
useful  in  the  case  of  HF  antennas  for  electrically  short  aircraft. 


’  .ghtnlng  Protection 

»bunt  antennas  have  an  inherent  protection  gainst  lightning  strikes  sin< 
the  feed  can  be  located  away  from  the  extremities  of  the  aircraft;  therefore, 
in  most  cases,  lightning  arrestors  are  not  needed  for  shunt  antennas.  For 
high-speed  aircraft  this  is  a  decided  advantage  over  series-type  antemias, 
since  high- temperature  lightning  arrestors  are  usually  very  costly. 


Vokage  Breatedtown 

Series-type  antmnas  are  high-voltage  devices  and  are  thus  subject  to 
voltsge  breal^wn,  especially  at  high  altitudes.  Shunt-type  antennas,  being 
hlgh-currei.*  devices,  have  relatively  low  voltages  at  their  terminals  for  a 
given  power  level.  Although  high  voltages  may  be  encountered  at  frequencie 
for  which  the  shunt  element  approaches  a  quarter  wavelength,  this  effect  car 
be  avoided  by  aborting  the  shunt  element  to  a  shorter  length  as  one  proceeds 
higher  in  frequency. 


Cooling  Advantages 

The  coupler  of  an  HF  antenna  for  a  high-speed  aircraft  must  be  cooled 
because  of  the  high  skin  temperature  and  the  heat  which  is  dissipated  due  to 
inherent  coupler  losses.  Since  shunt-type  ant^inas  can  be  more  centrally 
located,  the  cooling  systems  for  the  coupler  can  be  more  closely  related  to  t 
main  cooling  system.  In  fact,  for  the  fuselage  shunt,  the  coupler  can  be 
placed  in  the  main  body  of  the  fuselage  with  no  specisU  cooling  apparatus 
needed. 


m  FUSELAGE  SHUNT  ANTENNAS  FOR  A  LONG  SUPERSONIC  AIRCRAFT 


An  external  fuselage  shunt  was  proposed  by  NAA  for  the  HF  communica¬ 
tions  requirement  of  its  SST  design.  This  antenna  consisted  of  a  shunt  strap 
approximately  15  feet  long,  supported  by  a  dorsal  fin  and  located  on  the  dorsi 
mldllne  near  the  tall  (see  figure  1).  a  was  this  antenna  that  was  mentioned  in 
a  recent  issue  of  Aviation  Dally.  (Refer  to  Reference  1.) 


A  flush  shunt  antenna  in  the  same  location  was  also  studied.  A  photograph 
of  this  antenna  is  shown  in  figure  2.  This  design  incurs  no  aerodynamic  pen- 
alty,  but  has  a  greater  effect  on  the  basic  aircraft  structure.  The  antenna 
consists  of  a  dielectric  filled  trough  in  the  airframe  partially  covered  with  a 
conducting  strap  narrower  than  the  trough  width  and  shorted  to  the  airframe  at 
one  end.  (See  figure  3.)  The  feed  is  as  shown  in  figure  4. 

A  9-1/2-foot  model  (figure  5)  of  delta  wing  aircraft  was  constructed  and 
the  fuselage  shunt  antennas  tested  on  it.  This  simplified  shape  should  have 
characteristics  common  to  many  delta  wing  aircraft. 


Magnetic  Field  Strength  Tests 


Magnetic  field  strength  measurements  were  made  in  order  to  determine 
the  current  flow  patterns  and  the  relative  degree  of  coupling  when  the  antenna 
feed  was  placed  in  different  locations.  These  measurements  were  made  with 
an  electrically  shielded  loop  probe.  The  flush  shunt  antemia  was  tested  in  two 
positions  -  forward  and  aft  with  the  feed  point  forward  of  the  strap.  The 
external  shunt  (figure  6)  was  tested  in  the  same  two  positions  and  also  in  the 
aft  position  with  the  strap  forward  of  the  feed. 

The  excitation  frequency  was  123. S  me  model  frequency,  or  about  6.2  me 
full  scale.  This  simulates  an  aircraft  about  190  feet  in  len^.  In  MKS  units, 
the  H  vector  immediately  adjacent  to  a  conductor  has  the  same  magnitude  as 
the  current  density.  Relative  current  magnitude  profiles  can  therefore  be 
constructed  by  using  the  loop  probe.  Figures  7  through  11  show  these  magni¬ 
tude  profiles  for  the  flush  aiid  external  shunt  in  the  feed  positions  previously 
mentioned.  The  readings  were  taken  with  the  capacitor  and  variable  resistor 
of  the  detecting  circuit  set  in  the  same  position.  The  current  values  are  nor¬ 
malized  to  100  for  the  largest  measureable  value. 

Figures  7  and  10  indicate  that  the  flush  and  external  shunts  in  the  aft  posi¬ 
tion  have  essentially  the  same  degree  of  coupling  with  slightly  better  excita¬ 
tion  of  the  vertical  stabilizer  in  the  case  of  the  flush  shunt. 

Figures  9  and  10  show  that  a  disadvantage  is  suffered  by  placing  the  strap 
forward  of  the  feed  when  the  antenna  is  in  the  aft  position.  Atout  the  same 
wing  area  is  strongly  excited,  but  the  vertical  stabilized  is  excited  consider¬ 
ably  less. 

Figures  8  and  11  show  that  the  forward  location  of  the  antenna  feed  gives 
much  better  excitation  of  the  wing  than  the  aft  position.  The  mode  at  the  test 
frequency  consists  of  strong  excitation  of  the  leading  and  trailing  edge  of  the 
wing.  The  vertical  stabilizer  is  only  weakly  excited. 
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TIm  eoMldtriblt  differtiiet  tn  magnitud*  behvtan  th*  flufh  and  external 
■haBt  for  the  iarward  ppattlon  la  not  underatood  at  thia  time.  Flgurea  9,  10/ 
and  11  ware  taken  under  identical  eondtlona  and  it  ia  therefore  felt  that  these 
pr&filaa  prorUe  valid  compariaon  of  the  two  feed  poaitiona.  hi  any  caae,  the 
wing  excitation  mode  ia  indicated  in  both  figures  8  and  11,  and  the  superiority 
of  the  forward  feed  position  for  excitation  of  the  wing  ia  shown. 

The  aft  position  does  have  the  advantage  of  a  strong  excitation  of  the  verti¬ 
cal  stabiliser  which  may  give  rise  to  somewhat  more  favorable  radiation  pat¬ 
terns  than  the  forward  feed  position. 


hnpedance  IteaKirementa 

The  impedance  of  the  fluan  shunt  antenna  in  the  aft  position  was  measured 
for  the  8.5  to  8  me  range,  full-scale,  using  a  Boonton  160A  Q-Meter.  The 
test  setup  is  shown  in  figure  12.  A  computer  program  was  developed  to  calcu¬ 
late  the  transformation  of  impedance  by  the  transmission  line.  The  program 
assumed  that  the  line  was  lossless. 

The  object  cf  these  tests  was  to  establish  an  estimate  of  coupler  size  and 
weight.  For  such  a  goal,  it  was  felt  that  the  Ineiqpensive  model  shown  in  fig¬ 
ure  6  would  miff  ice.  The  antenna  feed  structure  itself  was  accurately  dimen¬ 
sioned,  but  the  genial  airframe  shape  was  not  made  to  close  tolerance.  The 
model  was  made  of  galvanized  steel,  and  the  antenna  feed  structure  was  made 
of  copper. 


The  parallel  resistance  and  reactance  Xp  were  calculated  using  the 
standarfi  Q-Meter  formulas  (Imfer  to  Refermice  2) 
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bnpadttiee  curves  calculated  from  the  data  obtained  for  the  2.5  to  8  me 
range,  full  scale,  are  shown  In  figure  13.  Two  resistance  peaks  have  tenta¬ 
tively  been  identified  as  half  wave  resonance  of  the  fuselage  and  trailing  edge 
of  the  wing.  As  with  all  shunt  antennas,  below  quarter  wavelength  resonance, 
the  reactance  is  inductive. 


Coupler  EvakiatiMi 

Shunt  antennas  are  inductive  at  frequencies  below  the  quarter  wave  reson¬ 
ance  of  the  shunt  element.  To  match  such  an  antenna  a  shunt  capacitor  is 
needed  to  transform  the  resistance  to  the  characteristic  impedance  of  the 
transmission  line  and  a  series  capacitor  to  tune  out  the  inductive  reactance  of 
the  parallel  combination.  B  the  antenna  resistance  is  greater  than  the  charac¬ 
teristic  impedance  of  the  transmission  line  (typicaUy  52  0)  or  if  the  antenna 
resistance  is  cq[>acitive,  a  variable  inductor  is  needed  in  parallel  with  the 
shunt  capacitor.  These  circuits,  with  their  theoretical  tuning  ranges,  are 
shown  in  figure  14.  From  the  impedance  curves  of  figure  13  and  data  from 
similar  aircraft,  required  tuning  ranges  of  30-3000  pf,  shunt  capacitance,  and 
5-500  pf,  series  capacitance,  were  calculated. 

Since  no  power  is  reflected  back  to  the  transmitter  when  the  antenna  is 
matched,  all  the  power  is  dissipated  in  the  antenna  resistance  Ra.  The  peak 
current  ^  through  Ra  and  Xa  (the  antenna  reactance) ,  can  thus  be  found  by 
setting  Ra  »  the  peak  input  power.  For  a  100-watt  carrier  and  100  per¬ 
cent  modulation,  the  peak  input  power  will  be  400  watts.  From  the  peak  cur¬ 
rent,  the  peak  voltage  can  be  found  which  is  the  voltage  across  all  parallel 
coupler  components.  Finally,  the  current  t  jrough  the  coupler  components 
can  be  found. 

Results  of  calculations  based  mi  the  impedance  data  measured  to  date  on 
the  1/30  scale  SST  n.odel  are  shown  in  figure  15.  These  results,  together  with 
data  from  other  delta  wing  aircraft,  indicate  that  current  through  the  parallel 
coupler  capacitor  will  not  exceed  35  amperes,  rms,  for  400- watt  peak  power. 
These  calculations  also  show  that  voltages  across  the  coupler  components  and 
the  antenna  feed  should  not  exceed  4  kv,  peak. 
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Hw  ttoff  rtqiBlrtiiiMta  of  ttmtaf  nnct,  volUft  rafinf ,  and  curr 
cm  b#  mot  wtth  off-tha-ahtli  cipncltorg»  One  poMlbla  coupler  config 
in  ninvB  In  figure  19.  Prelimfeuiry  ctlculaf  tone  Indicate  thnt  the  coup 
riKmld  hare  a  range  of  0. 1-15  ;i  h.  At  frequenciea  for  which  the  Impet 
capacltlre  and  of  low  reeietance,  high  current  through  the  required  im 
will  eanee  large  loaeea.  Thle  effect  can  be  avoided  by  aborting  the  sh 
meat  to  half  Ita  length  when  the  frequency  ia  near  primary  reaonance  ( 
10  me,  ftill  acale). 

For  higher  powera,  the  coupler  muat  handle  quite  high  currenta. 
kw,  PIP  for  example,  over  180  ampa  muat  flow  through  the  ahunt  capi 
Law  cmTenta,  aneh  aa  thla,  will  require  advancea  ia  coupler  technol 


li  order  to  fulfill  the  HP  communlcatlona  requirement  for  today’a 
apeed  alrenrft,  a  change  from  oerlea-fed  to  ahunt-fed  antennaa  ia  indie 
tlw  high  atraeteral  Integrity  of  ahunt  antennaa  and  their  reaiatance  to  i 
breakdown  and  lightning  atrllme  are  the  main  advantagea  which  dictate  I 

dMHIflSe 


TUo  chmge  from  aeriea  to  ahunt  feed  ayatema  la  a  change  from  a  I 
voKage  to  a  high  current  device.  New  deelm  problema  will  therefore  p 
themaelvee.  For  powera  greater  than  1  kw,  couplera  muat  be  dealgned 
will  wlhatand  handrada  of  amperea.  The  large  current  flowing  in  the  t 
the  aircraft  might  create  an  ohmic  loaa  problem  that  may  require  apeci 
pUtiaga  of  low  Iona  metala  for  ta  aobdton. 

At  North  Aomrlcaa  Aviation,  theae  problema  are  being  conaidered  i 
eomaet ton  with  a  continuing  reaeareh  and  development  project  on  HF  an 
naa.  The  goal  of  thia  pro)ect  la  to  exploit  to  the  fulleat,  all  methoda  wh 
will  extend  HF  commualcattona  capability  to  shorter  and  faater  aircraft. 
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Figure  3, 


The  HF  Flush  axint  Antenna 
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Figure  4.  Method  of  Feed 


Figur*  5.  9-foot  Delta  Wing  Snapedance  and  Field  Straigth  Model 
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Figure  7.  HF  Flush  Shunt  No.  1  (Antenna  Aft^  Feed  Forward  of  Strap) 


Figure  8,  HF  Flush  Shunt  Antenna  Nc,  2 
(Antenna  For’ward,  Feed  Forward  of  Strap ) 
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THE  SELF  AND  MUTUAL  ADMITTANCES  OF  CIRCULAR  DIPOLE  ARRAYS 


Richard  B,  Mack* 

Microwave  Physics  Laboratory 
Air  Force  Cambridge  Research  Laboratories 
Office  of  Aerospace  Research 
Laurence  G.  Hanscom  Field,  Bedford,  Massachusetts 


Summary 

Although  circular  arrays  of  dipoles  have  been  given  considerable  attention 
in  the  past,  the  experimental  results  generally  have  been  confined  to  dipoles 
very  nearly  a  half  wavelength  in  length,  have  considered  only  pairs  of  dipoles, 
or  have  been  obtained  from  experimental  models  not  reconcilable  to  the  usual 
theoretical  models.  The  King -Middle ton  theory  which  gives  the  most  accurate 
theoretic-ii  results  has  been  too  complicated  for  application  to  large  arrays. 
The  purpd  of  the  present  work  has  been  to  examine  the  circuit  properties 
of  circular  arrays  over  a  fairly  wide  range  of  dipole  lengths  and  spacings,  to 
correlate  the  measured  results  with  corresponding  results  calculated  from 
I  the  King  quasi-zeroth  order  theory,  and  to  package  the  latter  theory  in  a 

form  suitable  for  practical  application  to  the  design  of  circular  dipole  arrays. 

k 

The  following  discussion  and  results  apply  to  thin,  center -driven  dipoles 
of  lengths  less  than  where  \  is  the  free  space  wavelength.  In  a  given 

array,  all  of  the  dipoles  are  assumed  to  be  parallel,  identical,  non-staggered, 
and  evenly  spaced  about  a  circle.  Thus,  an  array  of  N  elements  has  the  di¬ 
poles  located  at  the  vertices  of  an  N- sided  equilateral  polygon.  The  side  of 
this  polygon  is  designated  by  dy\  ,  and  the  radius  of  the  circle  passing  through 
the  vertices  is 


Circular  arrays  exhibit  some  interesting  properties  which  are  character¬ 
istic  of  the  array  as  a  unit.  For  example,  there  are  resonant  spacings  at 
which  the  self  and  mutual  conductances  are  at  or  near  maximum  values  and 
at  which  the  self  and  mutual  susceptances  are  zero  or  have  small  values. 

Such  spacings  appear  to  exist  for  all  of  the  dipole  lengths  considered,  but 

♦  This  study  was  carried  out  while  the  author  was  at  Gordon  McKay 
Laboratory,  Harvard  University,  and  was  supported  by  Joint  Service 
Contract  NoNR  1866(32). 


th«  r«*«Mrc«t  b«com«  pronounced  ••  cho  dipolo  length  ie  increeeed 
beyond  X/2.  Ao  the  number  of  array  elemente  ie  increaeedf  the  reaonanceo 
occor  at  wnaUer  mluea  of  d/X  and  ^come  more  dietinct.  For  a  2-eleflaeot 
array  of  any  d^le  Irafth  these  space  reeonancee  are  not  well  defined.  For 
an  array  of  fiw»  balf-wave  dipoles  the  resonant  spacing  is  d/X  ■  0. 475.  If 
die  dipolo  loogth  is  3X  /4,  more  diaet  five  elements  are  required  to  produce  ^ 
a  well  defined  space  resonance.  For  a  given  array,  there  is  only  one  spacing 
which  produces  a  space  resonance.  When  the  element  spacings  are  hoar  tho 
resonant  spacings,  tho  circuit  properties  are  very  sensitive  to  small  changes 
in  any  of  tho  array  parameters.  Thus,  in  arrays  with  driven  elements,  chose 
spacings  are  best  avoided.  In  arrays  with  parasitic  elements,  the  parasitic 
elements  bavo  maximum  excitation  near  the  resonant  spacings. 

If  thorn  is  only  one  driven  element  in  the  array,  spacings  can  be  found 
at  which  tho  driosn  element  is  nearly  completely  uncoupled  from  the  parasitic 
oloosonta.  As  tho  number  of  array  elements  increases,  the  value  of  d/X  at 
which  this  occurs  decreases.  For  a  5 •element  array  of  full -wave  dipoles, 
it  Occurs  at  about  d/X  ■  0. 49. 

For  dipolos  of  length  2h  not  greater  than  X ,  there  also  are  spacings  at 
which  many  of  the  circuit  properties  change  very  slowly  as  the  number  of 
array  olomonts  is  changed.  For  example,  when  2h  ■  X,  curves  of  self  and 
mutual  conductances  vs.  d/X  all  intersect  near  d/X  *  0. 150  for  a  wide  range 
of  N  and  the  corresponding  susceptaace  curves  are  very  close  from  d/X  ■ 

0. 150  to  d.  200.  Hers  again  Ow  results  for  N  ■  2  are  found  to  be  quite  differ^ 
ent  from  Umsoo  lor  larger  N. 

Similar  graphs  of  the  admittancee  indicate  that,  when  d/X  is  decreased 
from  about  0.200,  the  conductances  decrease  slowly,  but  the  self  and  some 
mutual  suseoptances  increase  very  rapidly.  It  is  in  this  region  that  the 
storage  Holds  become  very  large  with  the  attendant  high  Q's  and  frequency 
sensitivity. 

The  results  also  indicate  a  two>elemeat  array  to  be  a  somewhat  degen¬ 
erate  example  which  lacks  many  characteristics  of  larger  arrays.  Thus, 
the  approximation  of  applying  the  results  from  a  two -element  array  to 
pairs  of  elements  in  a  larger  array  cannot  produco  roeults  which  are  mo  i  t 
than  qualitativoly  correct,  and  in  many  caees,  even  the  qualitative  behavior 
will  not  he  correctly  described. 

The  reeults  further  show  that  the  mutual  admittancee  are  significant  in 
magnitude  compered  lo  the  self  admiuance  for  noerly  all  useful  spacings  and 
dipole  eisee.  Hence,  simply  ignoring  tho  nsotuals  is  z  very  poor  approximation. 

In  tho  oxporimontal  modol,  antonnas  wora  actually  monopolos  ovur  a 
24  X  4S  ft.  aluminum  ground  piano.  Thoy  wore  formed  by  extending  the 
slotted  center  conductor  of  a  coaxial  lino  above  die  groundplane.  Below 


th«  groundplane,  the  coaxial  line  served  as  a  regular  slotted  line  with  a 
balanced  loop  probe  to  measure  the  current  standing  wave.  The  measure¬ 
ment  frequency  was  about  660  Mcps.  This  model  has  received  consider¬ 
able  use  and  quite  detailed  analysis.  It  differs  from  the  usual  theoretical 
model  primarily  in  having  a  generator  region  which  extends  over  a  small 
but  finite  distance  near  the  groundplane  surface.  The  extent  of  this  region 
depends  upon  the  b/a  ratio  of  the  coaxial  line  where  b  and  a  are  the  radii 
of  the  outer  and  inner  conductors  respectively.  Its  principal  effect  is  to 
make  measured  values  of  the  input  susceptance  more  negative  than  the 
theoretical  values.  The  equipment  had  a  b/a  of  3. 

Measurement  procedures  for  determining  the  self  and  mutual  admittances 
of  an  array  arc  based  on  the  coupled  circuit  equations.  For  circular  arrays 
of  identical  elements,  symmetries  reduce  this  set  of  equations  to  a  single 
equation  which  can  be  written 
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If  is  measured  for  — ^ —  (N  odd)  or  1  (N  even)  different  sets  of  known 

voltage  ratios  and  an  equation  like  (Z)  written  for  each  measurement,  the 
resulting  set  can  always  be  solved  for  the  self  and  mutual  admittances  in 
terms  of  the  measured  input  admittances.  However,  any  uncertainty  or 
error  in  the  experimental  adjustment  of  the  voltages  will  be  present  in  the 
final  admittances.  Therefore,  the  voltages  should  be  set  with  an  accuracy 
that  is  an  order  of  magnitude  better  than  that  desired  in  the  measured  ad¬ 
mittances.  The  following  sets  of  voltages  can  be  established  with  high 
accuracy  and  were  used  in  th^  measurements; 


Vi  =  Vi,  Vz  =  V3  =  .  .  . 

•  =  0  ^inl  =  ^n 

(3) 

Vi  =  Vj,  Vz  =  V3  = 

=  0,  V„=.Vi,  - v„=o 

’fmk-Yi,  -Yu 

(4) 

Yii  =  Y.„i  ;  Yj^  = 

Yi„l-Yi„k 

(5) 

Driving  voltages  can  be  set  equal  to  zero  simply  by  short- circuitii>g  the  antenna 
:o  the  groundplane.  The  antisymmetric  condition  can  be  set  by  placing  an 
electric  field  p.’obe  at  the  array  center  and  adjusting  the  phase  and  amplitude 
of  one  driven  element  until  a  deep  null  is  obtained  at  the  probe. 


'  Date  pbtAlAad  by  rtcordinf  currant  dibtribtttiona  nanr  tha  atandiaf 
wava  miniesa,  ftraphii;^  thaaa  to  an  anlargad  acala.  and  raading  3db  curva 
wkttha  and  rninimum  ahifta  from  tha  graph.  With  thaaa  praeautiona*  tha 
raaulta  could  aaaily  ba  rapaatad  within  nO.  2  miUimhoa  whan  h/h  waa  naar 
0.  Z590,  and  within  *  0. 02  millimhoa  for  othar  langthf)  moat  of  tha  roouUa 
wara  rapaatabla  within  much  cloaar  limits. 

Thooratical  raaulta  wara  calculatad  from  tha  King  quasi  saroth  ordar 
thaory.  2n  this  theory,  currant  along  tha  k  duantanna  can  ba  writtan  as 


sin(l(h-  |a  {)  ^  C|^  [coa^a  •  cos^h  ]  ,  fih  0  «/2 

a|.  ( 1  >  sin^  i*  I )  *  coops  ,  ph  ■  «/2 

2v 

'Y'  ,  2  h  m  dipola  langth,  s  maasuraa  position  along  tha  antanna. 

Tha  coatficiants  s^  and  C|^  involva  all  of  tha  array  paramatara  and  can  raadily 
ba  dafinod  through  four  or  fiva  pagas  of  aquations.  Although  tha  thaory  doaa 
involva  some  intricata  mathamatical  conaida rations,  it  still  is  sufficiantly 
simpla  to  ba  practical  for  applications  to  avan  la.ga  arrays,  and  will  provida 
an  accurata  dascription  of  both  tha  radiation  pattams  and  input  admittancas. 
For  applications  to  array  dasign,  tha  thaory  has  boon  packagad  as  a  Fortran 
program  to  which  the  user  naad  only  supply  tha  array  paramatars  as  input 
data.  In  this  form  tha  thaory  can  ba  usad  without  datailad  considarations  of 
tha  undarlying  nnathamatica. 

Whan  maasurad  and  thaoratical  valuas  of  tha  admittances  ara  comparad, 
vary  good  agraamant  is  found  for  the  salf  conductance  and  for  the  mutual 
admittances.  The  theoretical  self  susceptance  has  ths  correct  variation 
with  d/h  but  differs  frem  the  measured  *.'aluas  by  an  amount  which  is  sssan- 
tialiy  const  t  for  a  givsn  h/X  and  which  is  ssssntially  sqtial  to  ths  diffsrancss 
found  for  a  singls  isolated  antenna.  These  differences  are  primarily  due  to 
the  presence  of  a  finite  generator  region  in  the  experimental  model.  If  the 
diuersnee  betw'een  experimental  and  theoretical  input  susceptances  are 
determined  for  an  isolated  antanna  of  tha  desired  langth  and  thickness,  this 
may  ba  applied  at  a  correction  for  the  same  antenna  when  used  in  an  array 
to  produce  very  good  agreement  between  theoretical  and  experimental  vmiuea 
of  either  self  susceptances  or  input  suscsptancas. 

Additional  details,  graphs,  ami  tables  of  ths  rssults  ers  given  in  tha 
refarancac. 
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NKAR-FIXLO  MXASUlUaSNTS  Olf  THX  PLAKAR  FOUR-AKK  LOChSPIRAL  AMTBniA 

Preston  L.  Rsnson 
and 

John  D.  Dyson 
University  of  Illinois 
Urbans,  Illinois 

Introduction 

The  Bulti-Hode  logarlthnic  spiral  antennas  radiate  far-fields  with  aaplitude 
and  phase  characteristics  that  make  this  class  Of  antennas  of  use  in  homii^, 
direction-finding,  and  related  systems.^  Hie  greatest  possible  utilization  of 
these  antennas,  however,  requires  a  detailed  knowledge  of  their  basic  character¬ 
istics.  To  provide  this  knowledge  on  the  four-arm  planar  antenna,  an  invest!-  . 
gation  of  the  near-field  amplitudes  was  undertaken.; 

This  paper,  an  interim  report,  gives  information  on  the  position  and  extent 
of  the  active  regions  for  the  three  possible  modes  of  excitation  and  the  relation 
ship  between  the  characteristics  of  these  regions  and  the  far-field  radiation 
characteristics  of  the  antenna.  This  information,  which  was  obtained  for  a 
representative  range  of  parameters,  over  a  four  to  one  range  of  frequencies, 
provides  a  conservative  definition  of  the  usable  modal  bandwidth  of  the  antenna. 
The  Antenna 

A  sketch  of  the  four-arm  planar  logarithmic  spiral  antenna  is  shown  in 
figure  1,  together  with  the  defining  parameters.  The  radius  of  the  truncation 

of  the  arms  at  the  feed  region  is  denoted  by  p  ,  the  maximum  radius  of  the 

P 

antenna  by  P^,  the  angular  width  of  the  arms  by  5,  and  the  spiral  angle  or 

angle  of  wrap  by  the  symbol  a.  Three  antennas,  with  spiral  angles  of  7$,  80 
o 

and  85  ,  were  used  in  this  inves|tlgatlon.  All  antennas  were  self-complementary 

(l.e.,  ^  =  45°)  and  had  p  =  0.8  cm,  p  =20  cm.  ITie  planar  antennas  investi- 

o  m 

gated  are  formally  labelled  in  the  figures  by  the  notation  4p-o  -6  -2  P  -  2  P 

a  o 

where  4p  denotes  the  ’’four-arm  planar"  antenna  and  p  and  P  are  in  centimeters. 

m  o 

However,  since  the  spiral  angle,  a,  is  the  only  varying  parameter,  the  antennas 
may  be  referred  to  as  the  ’’75,  80,  or  85°  spiraled  antenna." 

The  antennas  were  constructed  by  photographically  reducing  a  precision 
drawing  to  the  desired  physical  size.  The  negative,  so  obtained,  was  used  to 
Presented  at  14th  Annual  USAF  Antenna  Res.  and  Dev,  Conference,  Oct.  1964 
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expos*  to  ultra-violet  light  a  cheMically  treated  sheet  of  copper-clad,  fibers 
glass  iapregnated  teflon.  The  undeslred  copper  was  then  etched  away,  leaving 
the  flnlahed  antenna.  Photographs  of  the  75,  80,  and  85**  spiraled  antennas  are 
shown  In  Figure  2. 

The  Modal'  Excitation 

The  theory  of  excitation  of  aultl-aode  log-spiral  antennas  (both  planar 

2 

and  conical)  has  been  presented  by  Dyson  and  Mayes.  It  provides  three  possible 
■odes  of  excitation  for  antennas  with  four-fold  rotational  syanetry  about  the 
polar  or  antenna  axis.  NsMly, 

=  <1,  J,  -1,  -J) 

Ag  =  (1,  -1,  1,  -1) 

A3  =  (1,  -j,  -1,  j), 

where  A  s  (I  ,  I  Z  ,  I  )  is  the  current  vector  notation  for  the  excitation 
D  X  2  9  4 

at  the  four  input  terninals,  and  the  Input  terainals  are.  nuabered  In  the  clock¬ 
wise  direction  around  the  Inner  truncation  (radius  =  p  )  of  the  antenna. 

o 

In  keeping  with  the  IRB  standard,  the  polarization  sense  of  the  log-spiral 
antenna  aay  be  deterained  froa  the  hand  used  when  pointing  the  fingers  In  the 
direction  of  the  spiraled  are  currents  and  the  thuab  In  the  direction  of  the 
radiated  fields.  Since  the  currents  are  assuaed  to  travel  away  froa  the  input 
terainals,  right-hand  circular  polarization  corresponds  to  phase  delay  in  the 
direction  of  increasing  </>  in  the  positive  half-space;  left-hand  circular  polari¬ 
zation  corresponds  to  phase  advance  in  the  direction  of  increasing  Conse¬ 
quently,  spiral  antennas  wound  in  the  right-hand  sense  (see  85*^  spiraled  antenna 
in  Figure  2)  will  produce  priiaarlly  fields  with  phase  variation  of  the  fora 
e  and  those  wound  in  the  left-hand  sense  (see  75^  and  80°  spiraled  antennas 
in  Figure  2),  e  .  Notice  that  in  all  cases,  e-  ,  a  aust  be. an  integer 
for  the  field  to  be  single-valued. 

Consider  the  excitation  (1,  j,  -1,  -J).  This  produces  a  field  whose 
aziauthal  variation  is  such  that  a  rotation  of  T  2  radians  about  the  antenna 
in  the  direction  of  increasing  4>  is  accoapanied  by: 

(a)  a  phase  delay  of  ‘F/2  radians 

(b)  a  phase  advance  of  3  2  radians 

'.’iise  (a)  requires  a  field  with  aziauthal  variation  of  the  fora  e  , 
where  a  =  I.  But  right-hand  wound  spiral  antennas  produce  such  fields,  so 
this  excitation  is  said  to  yield  mode  1  for  the  right-hand  wound,  four-ara 
iog-spiral  antenna. 
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Case  <b)  require*  •  field  with,  aziauthal  variation  of  the  fdm  e  , 
where  ■  a  3.  Since  left-hand  wound  spiral  antennas  produce  such  fields, 
this  excitation  is  said  to  yield  node  3  for  the  left-hand  wound,  four-am 
log-spiral  antenna. 

The  nodes  excited  by  the  renaining  two  excitations  are  identified  by 
slnllar  analysis.  The  results  are  listed  below  and  depicted  in  Figure  3. 

Relation  Between  Sense  of  Wrap  and  Modal  Ixcitation 

L-H  Wound 
n  3  3 
a  3  2 
n  3  1 


Ixcitation 
<1,  J,  -1,  -J) 
(1,-1,  1,  -1) 
(1,  -J,  -1,  J) 


R<-H  Wound 
n  3  1 
.n  3  2 
'  a  3  3 


It  has  been  pointed  out  that  for  a  ^  1  the  far-fields  always  have  a 

2  3 

null  along  the  pdlar  or  antenna  axis.  *  Hence  nodes  2  and  3  are 
characterized  by  a  conical  bean,  while  node  1  exhibits  a  broad  lobe  perpen¬ 
dicular  to  the  plane  of  the  log-spiral  antenna  as  shown  in  Figure  4. 

o 

To  obtain  this  excitation,  a  feed  systen  enploying  one  90  hybrid  and 
o 

three  ISO  hybrids  nay  be  used  with  interconnections  as  shown  in  Figure  9. 
The  Wear- Field  Anplitude 

The  anplitude  of  the  field  along  the  antennas  was  neasured  by  novlng  a 
snail  shielded  loop  probe  along  a  path  spaced  .03^  fron  the  plane  of  the 
antenna  and  parallel  to  an  antenna  dianeter.  A  block  dlagran  of  the  experi- 
nental  neasuring  systen  is  shown  in  Figure  6. 

Figure  7  displays  the  near-field  structure  corresponding  to  three 
excitations  for  the  80°  spiraled  antenna  at  1300  He.  On  all  the  near-field 
plots,  the  vertical  axis  is  the  relative  nagnitude  of  the  probed  field  in 
decibels  and  the  horizontal  axis  Is  the  distance  fron  the  antenna  center,  P, 
and  the  circunf erence  at  P,  C. 

4 

As  observed  for  the  conical  log-spiral  antenna,  there  is  a  region  of 
closelv  bound  waves  near  the  origin.  With  increasing  radius,  P,  these 
waves  becone  wore  loosely  bound,  and  sore  energy  is  coupled  to  the  probe 
until  the  waves  becone  so  loosely  bound  that  this  energy  is  rapidly  lost 
through  radiation.  In  this  latter  region  the  neasured  anplitude  of  the  near 
field  decays  to  a  negligible  value.  It  is  apparent  that  the  region  of  rapid 


Mooe  i 


MODE  3 


Plgwe  4.  Tyvlc*!  Radiation  Patterna  with  Modal  Excitation 


m«l  m«3  (L-H  WOUND) 
msS  iii«l  (R>H  WOUND) 


Figure  5.  Hybrid  Feed  System  for  Fovir-Arm  Log-Spiral 
Antennas. 


?ld  Amplitude  MeasurinR  Sy?5lom 


MODE  2  MODE  3 
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Figure  7,  Near-Field  Aaplitudeof  4P-80-45-40-1.6  at 
1300  Me  for  each  Mode  of  Excitation. 
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decay  occurs  at  an  increasing  value  of  P  as  the  order  of  mode  is  increased. 

The  probe-antenna  spacing  of  .03^  is  arbitrary.  Obviously,  the  probe 
must  be  in  the  near-field  region.  However,  the  closer  it  is  to  the  antenna^ 
the  more  the  presence  of  the  probe  will  disturb  the  current  distribution  on 
the  arms.  One  effect  of  moving  the  probe  closer  to  the  antenna  is  to  increase 
the  "arm-ripple"  in  the  measured  amplitudes  of  the  fields.  This  is  already 
quite  evident  in  the  mode  3  plot.  Converse]/,  the  arm-ripple  effect  is  less 
apparent  with  increased  spacing. 

As  the  probe  path  line  is  rotated  around  the  antenna  through  an  angle 
o 

of  22.5  the  position  of  the  arms  intersected  by  this  line  undergoes  a 
translation  of  one-half  period.  The  "arm-ripple"  similarly  shifts  along 
the  horizontal  axis.  The  envelope  of  these  ripples  remains  constant  a.:c 
hence  all  data  used  to  define  the  characteristics  of  the  active  region  were 
obtained  fiom  such  envelopes. 

The  well-known  scaling  property  of  the  log-spiral  antennas  is  demonstrated 

by  the  measured  fields  of  mode  2  of  the  80*^  spiraled  antenna  shown  in  Figure  8. 

Figure  8a,  with  a  horizontal  axis  with  length  units,  illustrates  the  movement 

of  the  near-field  structure  toward  the  origin  of  the  antenna,  i.e.,  toward 

as  the  frequency  of  operation  increases  from  1000  to  1800  Me.  Figure  8b  shows 

the  constancy  of  the  same  fields  when  plotted  on  a  normalized  p/'^,  scale. 

The  observations  of  the  plot  of  the  mode  2  near-fields,  representative  of 

all  the  mode  plots  of  the  80  spiraled  antenna,  leads  to  the  conclusion  that 

the  modal  active  regions,  in  wavelengths,  are  essentially  constant  in  position 

and  extent  for  a  range  of  frequencies  such  that  the  inner  and  outer  truncation 

of  the  arms  does  not  cause  distortion  of  these  fields. 

To  determine  the  position  of  the  outer  edge  of  the  active  region,  the 

modal  near  field  plots  and  corresponding  radiation  patterns  were  observed  as  the 

outer  diameter,  p^,  of  the  80  spiraled  antenna  was  incrementally  reduced.  When 

a  definite  change  in  the  radiation  patterns  was  observed,  the  reduced  radius  was 

taken  as  the  outer  radius  of  the  active  region  for  the  mode  of  excitation.  This 
...  m 

radius  in  wavelengths  is  denoted  as  P+,  where  the  +  sign  signifies  the  outer 

extent  of  the  active  region  and  the  letter,  m,  will  have  values  1,  2,  or  3  for 

the  mode.  The  superscript  m  should  not  be  confused  with  the  subscript  m  used 

to  denote  the  outer  radius  of  the  antenna  structure,  p  ,  wb.ere  ra  signifies 

in 

"maximum".  The  Increment  of  radius  reduction  was  .06^  at  1000  Me  for  mode  1 
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and  0.1^  at  1600  Me  for  modes  2  and  3. 

For  mode  1,  a  definite  change  in  the  radiation  patterns  appeared  when  the 
reduced  radius  was  at  the  point  of  14.5  db  down  from  peak  on  the  near-field 
plot  of  the  unreduced  antenna  (see  Figure  9a) .  For  modes  S  and  3  the  effect 
of  reduction  was  obvious  at  15  db  down  as  illustrated  in  Figure  9b  and  c. 

So  the  modal  radii  at  15  db  were  selected  as  the  outer  extent  of  the  active 
region.  These  radii  are  tabulated  below. 


Outer  Radius  of  Active  Region  of  4?-  80-45-40-1 .6 


Mode 

DB 

Radius  /X 

1 

15 

0.35 

2 

15 

0.67 

3 

15 

0,83 

It  should  be  noted  that  the  values  listed  above  will  be  conservative  in 
design  use,  since  they  indicate  the  point  at  which  a  change  in  radiated  fields 
become  apparent  and  not  the  point  at  which  radiation  patterns  deteriorate  to 
the  point  of  becoming  unusable.  This  fact  is  shown  in  Figure  9. 

To  determine  the  inner  extent  of  the  active  ration  in  wavelengths.  , 

the  inner  radius  of  the  antenna,  was  incrementally  enlarged.  This  technique 

aid  not  yield  desired  results  since,  as  P  increased,  the  four-balanced  and 

o  ' 

phased  excit-ition  lines  were  spread  apart  and,  so  separated,  radiated  a 
circularly  polarized  beam,  much  as  a  turnstile  antenna.  To  date,  this  experi¬ 
mental  problem  has  not  been  solved  on  the  four-arm  log-spiral  antenna.  However, 
two  facts  justify  selecting  the  radius  at  a  point  6  db  below  the  maximum,  on 
the  increasing  slope  of  the  near  fields,  as  the  inner  extent  of  the  active 
region. 

First,  there  is  remarkable  consistency  in  the  results  obtained,  thus 
far,  cn  this  four-arm  planar  antenna  and  the  results  obtained  on  the  two-arm 
antennas,  both  conical  and  planar.  Under  the  same  experimental  conditions,  the 
outer  extent  of  the  active  region  was  found  to  be  at  15  db  on  both  the  two-arm 
conical  a^ud  planar  antennas.  The  inner  extent  of  the  active  region  occurred 
at  approximately  3  db  for  the  two-arra  conical  with  small  included  cone  angles 
(15°)  and  decreased  with  larger  included  cone  angles  (43°).  Correspondingly, 
the  inner  edge  of  the  active  region  on  the  Iwo-arm  planar  was  determined  to  bo 
at  a  radius  such  that  the  amplitude  of  the  fields  as  measured  was  approximately 
6  db.  below  the  itiaximum  recorded  value. 

Secondly,  on  the  four-arm  antenna  being  considered,  the  amplitude  of  the 
fields  coupled  to  the  probe  Incieases  rapidly  with  distance  from  the 


Halation  of  Far-Flelds  of  Reduced  Antenna  to 
Wear-Field  of  Unreduced  Antenna  for  Bach  Mode 
of  Bxcitation. 
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origin  of  the  antenna  causing  a  vf ry  small  change  between  radii  at  10  db  and 
radii  at  3  db  below  the  following  maximum  recorded  value.  This  fact  is 
evidenced  on  all  near-fleld  plots.  These  variations  in  radii  are  listed 
below. 

Radii  in  Wavelengths  to  Iffl  Points  on  Increasing  Slope  of  Near-Fieldn 

4P-a0-45-40-1.6 

Modes ' 


DB 

1 

2 

3 

3 

.045 

.134 

.21 

6 

.03 

.12 

.17 

10 

CM 

o 

.11 

.15 

Ap  = 

.025, 

.024, 

.06 

Hence,  to  define  the  inner  extent  of  the  active  region,  those  modal  radii  at 
6  db.  down  from  peak  of  the  near  fields  were  selected. 

Inner  Radius  of  Active  Region  -  on  4P-80-45-40-1 .6 


Modes 

1 

2 

3 


Radius/^ 

.03 

.12 

.17 


Knowledge  of  the  extent  and  position  of  the  modal  active  region  allows 

calculation  of  the  usable  or  operating  bandwidth,  B  of  the  antenna.  At  the 

high  frequency  limit  of  B,  f  , 

H 

fn  =  cA„,  and  p?  =  p^/^H  (1). 

and  at  the  low  frequency  limit  of  B,  f  , 

L 

fb  =  c/X^,  and  p?  =  P/\  (2) 

where  c  is  the  velocity  of  propagation  in  free  space.  Thus  the  operating 
bandwidth,  B,  is  given  by, 


(3) 


i,  P  P+ 

L  o 
4 

In  keeping  with  Carrel's  definition  we  shall 
as  and  the  modal  active  region  bandwidth  as 
follows; 


denote  the  structure  bandwidth 

B  and  interpret  them  as 
ar 


B 


=  P_/P. 


m 


B  =  P+/P- 

ar 


(4) 


B  =  B  /B  " 
a  ar 

Near  field  measurements,  at  the  0.03^  probe  to  antenna  spacing,  were 
taken  on  the  75  and  Bs'^spiraled  antennas  at  1000  Me  for  mode  1  and  1600  Me 
for  modes  2  and  3.  The  6  db  and  15  db  criteria  for  P-,  P+  was  applied, 
and  the  results  including  the  calculated  values  for  the  modal  active  regions 
and  operating  bandwidth  are  tabulated  below. 


Calculated  Bandwldths  of  the  75,  80,  85°  Spiraled  Antennas 

(B  =  25) 
s 


a  Mode 

P+ 

B  " 
ar 

B 

0.405 

— 

75°  1  3 

0.100 

0.730 

7.30 

3.40 

h 

0.163 

0.950 

5.83 

4.28 

f  1 

0.030 
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0.170 
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4.88 

5.12 

0.052 

0.410 

7.90 

3.16 

85°  <2 

0 . 168 

0.670 

4.05 

6.17 

0.260 

0,895 

3.44 

7.27 

Curves  that  indicate  the  trend  In  the  operating  bandwidth  as  a  function  of  the 
spiral  angle  are  shown  in  Figure  10, 


85® 


75®  80® 

SPIRAL  ANGLE  in  DEGREES 

F luurc  10. 


rend  ip  bandwidth  of  \nlcnna  as  a 
i  unction  the  .--piral  .'.iiglc 


I 


Th«  circunfarence  of  the  antenne  at  the  extrealtea  of  the  nodal  active 
region,  aa  defined  here,  ia  ahown  in  Figure  11.  It  la  Intereating  to  note 

i 

that  the  active  region  Incraaaea  in  width  aa  the  aplral  angle,  decreaaes 
Thla  ia  in  further  agreenent  with  the  reaults  found  on  the  two-arn  conical 

4 

log>aplral  antenna. 

Concluaion 

The  near-field  atructure  of  the  four-arm  log-spiral  antenna  has  been 
experinentalljr  inveatlgated  aa  a  function  of  frequency  and  apiral  angle. 

An  active  region,  baaed  on  radiation  characteristics,  has  been  defined  and 
used  to  interpret  the  operating  bandwidth  of  these  antennas. 


It  is  a  pleasure  to  acknowledge  the  assistance  of  Forrest  Green  and 
Richard  Slaughter  in  the  construction  and  testing  program.  This  work. was 
supported  by  the  Air  Force  Avionics  Laboratory  under  Contract  AF33 (657) 10474. 
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A.  M.  BerloMn  and  W.  H.  Townf 

Lockheed  Mlsalles  and  Space  Ccapaqr 
Sunnyrale,  California 


The  en^:lneer  faces  two  basic  challenges  in  design  of  satellite  antennae. 

;  These  are  the  Interrelated  problems  of  mechafiieal  and  eleotrioal  feasibiliv 
and  their  compatibility  with  the  space  tehlcle.  This  paper  diseuases 
-  semsral  well  known  antenna  designs  and  the  teehnlqvas  dsTsloped  for  their 
>  application  to  space  mshicles. 

The  basic  mechanical  problem  in  the  design  of  a  satellite  antenna  is  to 
achieve  a  package  that  is  at  once  small  and  light  enough  to  be  launched 
:  Aboard  a  space  vehicle  and  whic^f  once  in  space,  will  have  sufficient 
strwtural  integrity  and  accuracy  to  withstand  the  envlronaent  and  to 
perforn  Its  intended  nisslcjn. 

In  the  stowed  condition  the  package  must  be  able  to  withstand  the  envlron- 
■snt  of  the  space  vehicle  during  pre-launch,  launch  end  exit.  Som  of 
the  conditions  encountered  dinring  this  phase  are  extremes  in  vibration, 
shook,  soeeleration,  temperature  and  r^id  depressurisation.  Upon  deployment 
the  aitema  must  function  in  the  vacuum  of  space,  as  well  as  survive  the 
effects  of  radiation  and  thermal  extremes. 

9ie  electrical  reqtiirementa  of  pattern,  gain,  impedance,  frequency  bandwidth^ 
etc.,  determine  the  else,  configuration  and  in  scsie  cases,  the  type  of 
antenna  that  anist  be  conatructed. 

If,  for  example,  the  satellite  antenna  must  produce  a  high  gain  pencil 
bema,  the  engineer  has  a  number  of  choices  of  the  type  of  antenna  to  obtain 
this  pattern,  but  the  choice  must  be  tempered  with  the  mschmleal  considera¬ 
tions.  Is  16  space  aveilableV  Will  the  antenna  withstmid  the  environment, 
and  80  forth. 

A  number  of  antennas  were  built  at  Lockheed  to  mset  these  specific  problems. 

A  short  description  of  various  antennas  and  the  outstmding  msehanioal  and 
electrical  eharaoterlsties  of  each  will  follow. 

I.  Antenna  ?arw 

The  following  la  a  brief  description  of  an  antenna  system  known  as  the 
"Antenna  Farm".  The  system  ecnsists  of  a  grouping  of  two  equiangular  spiral 
•itennas  mid  a  flu:^  momted  disccne.  The  antennas  are  located  on  o  awing 
ofot  circumferential  segment  of  the  vehlele. 

The  eleotrioal  requirementa  specified  a  circularly  polarised  group  of 
antennas  oparating  from  ISO  to  2500  megacycles  with  a  WM  less  than  3*1 
ovBT  the  band.  The  pattern  requirement  called  fcr  a  single  lobe  beam  with 
the  coverage  at  72°  from  the  axis  in  a  figtre  of  rsvDiutlon  to  be  no  lass 
than  -12  db  below  iso  tropic. 


aim  rtqulrtA  a  llMarljr  pelarlaad  oitanaa  to  ^Mrato  fraa  2700  to 
2B00  Mgaejoloa  vltb  a  fSVB  bolov  3tl  orar  tho  baid«  2ba  pattara  vaa  to 
peaaaaa  a  mil  m  iclo  with  a  mIb  lota  tlaaariHm  a  flgart  af  rovolvtidi 
at  appmslMtaljr  (Cr  trm  the  aida. 

A  atodtf  of  the  aeaileble  apaoa  oo  the  eehiola  indloatod  that  fluili  munted 
aateanaa  located  cn  the  aide  of  the  whlela  woold  be  the  mat  deelrabla 
tjrpo.  Al»eet  elthoot  e»eptioa  the  eleotrioal  reqvlreaont  ealled  tar  the 
aaa  of  a  flroqiienoy  independent  antenna,  The  fluM  moitlnc  deairalAlitgr 
aagiaated  the  eao  of  the  planar  oattiangular  aplral,  liiile  it  naa  reeogniaed 
that  the  planar  equlanfelar  apiral  poaaeaaea  bidireetional  radtatien 
idiaraetariatiea  Ita  naa  vaa  jmtifled  on  the  following  baaeat  Spam 
avadldblOt  ainpUeity  of  eoMtmetion  and  ita  Ability  to  neat  tha  gain, 
fSMK  and  broad  band  eoeerage  requireaent, 

the  2700  to  2600  aageeyele  pattern  ooeerage  and  gain  reqnlreaait  auggeated 
tha  naa  of  a  floah  nooitod  diaoone. 

Spaaa  aUleeation  for  thia  antenna  waa  the  aft  area  Jiaat  inaide  tha  olearanea 
airala  for  tha  eahiele  booater  ahroud,  Tha  antema  atnioture  fonaad  a 
aaatien  of  a  30*  radina  qylindar,  to  fit  thia  ipaeo  in  the  atowad  condition. 
For  oparotion  tha  aitonaa  la  rcAatad  90  dagraaa  dbout  ona  hinged  aide,  tha 
operating  fofoa  being  provided  by  e  apring  loaded*  bydraulleelly  denped 
aetnatar,  laleaae  ia  protridad  hj  a  aquib  aetueted  pin  pulling  davlea, 

Thia  la  illuotrated  in  Fignra  1, 

II,  fartleel  Wultiranga  Syetan 

Tha  Vortiaal  Neltlrciga  Antenna  System  nay  be  briefly  deaeribed  aa  three 
pprmldal  epiral  antennaa  elustarad  ut  the  end  of  an  inflatable  alunlntiV^la>' 
hean,  Xa  tha  vnilieally  poaitlonad  rehicla  a  long  boon  ia  oaoaaaary  to  place 
tha  natanna  ayatan  elaar  of  tha  rehiela, 

Tha  aleetrleal  apaelfieatlona  re  juired  a  oiroularly  polarised  group  of 
aatannaa  operating  oner  an  iBtl  bandwidth  with  a  TSNI  below  3iil  ofw  tha  band. 
In  tha  fyeqoaney  range  fron  1^  to  2500  megeeyelae  a  eingle  Icha  bean  vaa 
required  with  the  gain  level  at  TO**  fron  the  aala  in  a  figure  of  revolution 
to  be  no  wore  than  12  db  below  isotroplo.  In  the  2700  •>  28C0  nagaeyele.  range 
the  pettam  req?ilrad  a  null  on  axia  with  the  neln  lobe  deeoribing  e  figure 
of  revolution  at  approxlaMitely  60^  from  the  axia.  The  aain  lebe  gain  waa 
to  bo  gk'eotar  than  0  db, 

A  atody  of  the  apace  allocated  for  the  fertieal  Mnltlrange  Aittenne  Syaton 
indicated  that  flush  mounting  of  the  entemae  would  not  be  practical  for 
the  folXowlne  reason.  Aa  the  longitudinal  axis  of  tha  vehlel/v  ia  par* 
pendioular  to  tha  Sarth'a  'urfaee  and  tha  antama  ayatan  la  located  at  the 
rear  of  the  v<d!lele*  shadowing  of  the  antenna  by  the  vohlole  body  would  be 
exceeelve.  This  would  be  the  eaae  for  ell  astemaa  nennted  close  to  the 
vehicle  body.  The  •uJ  ^tion  ohoeen  was  to  extend  the  anteenoe  ii'cn  the 
vehicle  on  an  inflatable  elminui^tylar  laadnate  boon. 
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g  In  order  to  operate  over  the  required  bandwidth  it  is  necessary  to  use 
?  two  frequency  independent  antennas.  Both  of  the  pattern  coverage  require¬ 
ments,  i.e,  the  unidirectional  pattern  and  the  beacon  type  pattern, 

’  suggested  the  use  of  conical  spiral  antennas  fed  In  different  mannas. 

I  Ihe  space  allocated  was  in  the  vehicle  aft  rack  area.  The  dimensions  were 
approximately  3^4"  Icaig*  8"  wide  and  10"  high,  maximum* 

It  was  decided  the  best  design  approach  to  Bieet  the  stated  requirements 
would  be  to  use  an  unfurlable  antenna  for  the  l50  -  1000  megacycle  range  and 
attach  smaller  1000  -  2500  and  S-b®id  fixed  antemas  to  the  base  of  the 
larger  one. 

In  order  to  deploy  the  antennas  to  the  best  operating  position  the  been 
had  to  extend  out  3  feet  and  bend  to  trail  11  feet  aft  of  the  Behiele 
flight  path.  The  antennas  were  directed  toward  Earth.  See  Figures  2  and  3. 

HI.  Flex-Rib  Antenna 

The  Flex-Rib  Antenna  as  developed  for  space  vehicles  is  an  extremely  light 
parabolic  reflector  which  is  furled  into  a  small  package  for  ascent. 

The  electrical  requirements  specified  a  high  gain  circularly  fwlariaed 
pencil  beam,  to  operate  in  the  l500  megacycle  region. 

This  6*  parabola  design  consists  of  a  thin  metallic  rib  strtxsture  covereo 
witli  a  flexible  fabric  which  is  gold  plated  by  the  patented  LMSC  Lodespray 
process  to  fom  a  reflective  s\n*face. 

Radial  ribs  carry  and  maintain  the  parabolic  contour  on  their  upper  edge 
by  virtue  of  their  depth  in  the  axial  direction.  Because  of  their  cross 
section,  however,  they  may  be  wrapped  around  the  hub  in  the  furled  condition. 
The  reflective  surface  is  attached  to  and  folded  with  the  ribs,  and  when 
unfurled  provides  lateral  stability  as  an  integrally  stressed  part  of  the 
antenna  structure.  Additional  stability  and  erection  response  is  provided 
by  cupping  or  "oil  canning"  the  rtbs. 

The  6*  parabola  illustrated  in  Figures  ii  a'id  5  weighs  11  pounds  cwnplcte, 
and  furls  into  a  10"  diameter  ccntaiiiei  ^  Deployment  from  the  eentainer  is 
accomplished  through  the  release  of  a  c repressed  spring,  the  hub  sliding 
out  in  a  shaft.  The  spring  load-jd  ctrater  feed  arm  folds  down  and  also 
serves  the  function  of  restraining  the  reflector  in  the  container. 

The  feed  antenna  for  the  parabola  is  a  pyramidal  spirsl  fed  by  a  tapered 
microstrip  balun.  The  balm  is  supported  by  the  center  feed  arm, 

IF,  P-3  Antenna 

This  is  a  circularly  polarized  pyramidal  spiral  with  hexagonal  cross  section. 
It  Is  mounted  in  the  aft  rack  of  the  vehicle  at  the  end  of  an  Inflatable 
alwBlnt»0fylar  boom,  “Hie  spiral  is  deployed  in  orbit  by  the  inflation  of 
the  boon  and  spiral  framework. 


»qulr*d  •  cirettl»ljr  pelarlMd  mUmm 
to  ^  eo  MgoojnBlo  r«ico.  Iho  VS.B  ««o  to  bo  looo  thai  3il, 

S  ^  •"  ®"  “•  0  db  with 

•»o  bMfls«a  loiwl  to  bo  no  lowr  thon  -ID  db. 

**^*?*.*^*?*  ^  *  rootongulor  box  was  aUettod.  It  wao  3b»  Iona. 

;  ^  ^  tho  loocitodliial  axio  of  «ho  tohielo 

lo  pwpandleulor  to  tho  Sarth*8  oorfaeo. 

Pw  OBtonao  ao  doplogrod  ia  iU^airatod  in  Fl^ttrea  6  and  7.  Tho  booM  md 
ho^AOl  firaMnortr  aro  ecMpooad  of  3*  ^winvi^lar  tublnc  «»d  tho 
mtonno  dioMtOT  la  20  inehoo  graatar  than  that  of  tho  aofalela  itaolf . 

^  foatora  la  that  It  dMonatratoa  offoetlioiy  ena  of  tha  baale 

^  ^  daalgna^  tho  ability  of  m 

una^lo  dovioo  to  ulntaln  Ita  physical  ahi|>o  after  tho  Inflatlon- 
arootloB  froeoao  la  eonploUd  and  tho  onlt  la  dairoasirlaod. 

y»  XhflotOblo  Waooawlda 


Ifcrti  lo  omrrantiy  in  proeoao  toward  dom-tlopnont  of  ao  InflatObla  roctangular 
ua¥i^,lda  for  apaooeraft  plication.  Ihia  toehnicjiio  oakoa  «ao  of  ffylar 

^  P**®****  tonaion^jif  to  tho  alunlnlsod 

*Vl»»«oipidi  walla.  Tb  data  as  olght  foot  aaetion  haa  boon  auaeoaafuUy 

toehnl<*io  ahoia  praalao  for  oarly  appUcatiJo 
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INTERFERENCE  COUPLING  FACTORS  FOR  PAIRS  OF  ANTENNAS 

J.  A.  M.  Lyon 
A.  I.  Simanyi 
W.  R.  Heath 

The  Radiation  Laboratory 
The  University  of  Michigan 

INTRODUCTION 

This  paper  represents  a  continuation  of  the  power  coupling  interference 
studies  which  were  presented  in  part  at  the  conference  one  year  ago.  At  that  time 
a  detailed  mathematical  analysis  was  given  for  the  case  of  two  rectangular  slots  optTat- 
ing  in  a  common  metal  ground  plane.  Further  analysis  was  also  presented  with  these 
two  slots  in  a  curved  metal  surface.  Experimental  data  was  given  for  two  rectangular 
slots  and  also  for  two  circular  Archimedean  spiral  antennas.  The  study  of  power 
interference  coujd-ing  has  been  continued  with  additional  data  available  on  these  two 
types  of  antennas.  Further  information  has  also  been  Obtained  for  two  square  spiral 
antennas.  In  addition,  coupling  studies  have  been  made  on  E-sectoral,  pyramidal, 
and  conical  horn  antennas.  Altogether,  information  is  presented  here  on  the  power 
coupling  between  two  antennas  where  each  of  the  antennas  involved  is  one  of  the  four 
types  mentioned. 

Besides  considering  a  pair  of  similar  antennas,  studies  were  made  betv/een  a 
given  antenna  and  a  monopole  antenna.  Results  of  coupling  between  a  square  spiral 
and  monopole  are  shown  here. 

The  Square  Archimedean  Spiral.  Right-hand  and  left-hand  wound  square 
spirals  were  experimentally  tested  on  the  12  ft.  by  12  ft.  ground  plane  in  an  anechoic 

For  a  definition  of  power  coupling,  see  Appendix  A. 

-"‘■'Kalafus,  R.  M. ,  et  al,  see  List  of  Risferences. 


chamber.  Pertinent  data  follow: 


lype:  Cavity-backed,  two-arm,  twenty- turns. 

Frequency  range:  2-4  Gc. 

Baiun  type:  Strip-line,  Hc*ert.s,  located  in  cavity. 

Manufacturer:  Advanced  Development  Laboratories. 

Model  No.  :  1  L  (left-hand  wound) 

3  H  (rig^t-hand  wound). 

Overall  dimensions  (antenE-r:  and  cavity):  2  in.  x  2  in.  x  1  in. 

Coupling  measurements  were  taken  between  the  square  spiral  antenna  and  a 
quarter-wave  monopole.  The  monopole  was  perpendicular  to  the  ground  plane  and 
located  11.  3  in.  from  the  center  of  the  square  spiral  antenna.  Coupling  patterns 
were  recorded  for  frequencies  from  2  to  4  Gc  at  100-Mc  intervals.  Typical  curves 
for  Spiral  1 L  are  shown  in  Fig.  1 , 

Further  studies  of  these  coupling  patterns  reveal  a  prepcnderance  of  maxima 
at  locations  radially  out  from  the  antenna  corners  (  at  ^  =  0°,  90°,  180°,  and  270°); 

Figure  2  indicates  the  maximum  and  minimum  coupling  between  the  1  L  spiral 
antenna  and  the  quarter-wave  monopole,  normalized  such  that  the  spacing  between 
th^e  two  antennas  is  1. 92  w^/elengths.  These  curves  indicate: 

a)  A  relatively  small  variation  in  coupling  as  a  function  of  frequency. 

b)  A  relatively  constant  difference  between  maximum  and  minimum  coupling 
levels  over  the  frequency  range. 

c)  A  trend  toward  IncrKised  average  coupling  as  the  frequency  is  increased. 
Radiation  patterns  indicate: 

a)  A  greater  beam  width  than  that  observed  for  the  circular  spiral. 
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b)  A  relatively  constant  gain  over  the  frequency  range  of  the  antenna. 

A  theoretical  analysis  of  the  fields  from  a  square  spiral  antenna  is  presented 
in  Appendix  B.  In  this  analysis  it  is  assumed  that  current  waves  travel  out  from  the 
center  terminals  of  the  antenna  with  a  wave  propagation  factor  which  is  constant. 
In  addition,  it  is  assumed  that  the  current  does  not  experience  reflection  at  the 
spiral  corners  and  that  it  is  attenuated  in  the  "radiation  region"  of  the  antenna. 

The  equations  resulting  from  this  analysis  were  programmed  for  the  IBM  7090 
computer  and  radiation  patterns  were  calculated.  These  patterns  were  found  to 
check  quite  well  in  many  respects  with  those  obtained  experimentally.  Both  theo¬ 
retical  and  experimental  coupling  patterns  have  maxima  at  positions  radially  out 
from  the  corners  of  the  antenna. 

The  equations  from  Appendix  B  for  the  electric  fields  of  the  square  spiral 
antenna  were  used  to  try  to  predict  the  fields  from  the  square  photo -etched  spiral, 
'fhis  spiral  has  twenty  turns  and  a  spacing  of  .01  in.  It  is  designed  to  operate 
between  2  Gc  and  4  Gc.  Since  the  width  of  the  wires  and  the  spacing  between 
wires  are  equal,  the  antenna  and  the  ground  plane  can  be  considered  as  being  the 
complement  of  a  square  spiral  in  free  space.  The  free  space  spiral  has  the  same 
geometry  as  the  spiral  formed  by  the  spaces  between  wires  on  the  spiral.  Equations 
for  predicting  the  fields  of  the  ADL  spiral  in  a  ground  plane  are  then  found  by 
interchanging  and  in  the  equations  for  the  complementary  free -space  spiral. 

It  should  be  noted  that  the  radiation  from  any  spiral  is  affected  by  the  cavity 
and  the  photo-etched  balun  in  the  feed  system.  These  effects  are  not  considered 
in  the  derivation  of  the  field  equations  and  hence  do  not  appear  in  the  computed 
patterns.  Both  theoretical  and  experimental  patterns  are  shown  in  Fig.  3.  The 


•bMlttte  levels  of  tiie  tlieoreticftl  curves  ero  urhltrary  since  they  depend  oir  the  ^ 
OttnvfBt  at  the  terminali.  which  is  not  known  exactly.  Note  that  in  Fig.  3  the 
experimental  pattern  has  higher  directivity  than  the  computed  pattern.  This  is 
due  to  tile  fact  that  tiie  cavity  radiates  more  power  directly  outward  than  in 
directions  near  tiie  ground  jdane. 

In  Fig.  4  there  are  definite  maxima  at  locations  near  the  spiral  corners  in 
both  the  experimental  and  computed  patterns.  Note,  however,  that  the  experi¬ 
mental  pattern  does  not  contain  a  great  degree  of  ssrmmetry  for  field  points  180^ 
apart,  lltia  deviation  from  the  theory  is  primarily  due  to  the  imbalance  in  the 
feed  oauaed  by  the  balun  and  by  direct  radiation  from  the  balun. 

An  attempt  to  simulate  tills  imbalance  was  made  by  calculating  a  pattern 
for  tiie  case  of  unbalanced  currents  at  the  feed  terminals.  Since  no  information 
was  available  concerning  the  amount  of  imbalance  the  balun  caused,  a  guess  was 
made.  A  six-degree  error  in  the  phase  and  a  two-to-one  ratio  in  the  amplitudes 
of  tiie  terminal  currents  were  assumed.  The  resulting  field  pattern  Is  shown  at 
the  top  of  Fig.  4.  The  curve  suggests  that  if  the  actual  imbalance  in  the  feed 
were  known,  then  closer  correlation  with  experimental  results  could  be  realized. 

The  pattern  for  the  component  of  electric  field  in  the  plane  of  the  spirid 
(Fig.  5)  is  symmetric  with  respect  to  tiio  origin;  that  is,  the  magnitudes  of  the 
electric  fields  at  points  180°  apart  are  equal.  This  result  was  predicted  since 
diametrically  opposite  points  on  the  spiral  (points  reflected  through  the  origin) 
carry  Identical  currents.  Computer  results  also  revealed  a  360°  phase  shift  for 
as  ^  is  varied  from  zero  to  2v  radians. 
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Automatic  Positioning  Apparatus.  In  order  to  facilitate  the  rapid  acquiaition 
of  power  interference  coupling  data,  it  was  decided  to  build  an  apparatua  which  would 
allow  the  continuoua  measurement  of  power  coufriing  aa  a  function  of  diatance.  In 
making  thia  decision  it  was  necessary  to  first  decide  that  only  the  amplitude  of 
coupling  was  to  be  determined.  Figure  6  shows  a  front  view  of  this  automatic  spacing 
equipment  in  which  are  mounted  two  pyramidal  horns.  Basically,  the  apparatus  utilizes 
a  sliding  brass  belt  containing  the  movable  antenna  with  one  of  the  antennas  remain¬ 
ing  fixed  as  shown  in  the  bottom  of  the  picture  of  Fig.  6,  part  A.  Am  shown,  provi¬ 
sion  has  been  made  to  minimize  the  effects  ai  any  cracks  between  the  moving  metal 
belt  and  the  adjoining  conducting  ground  plane.  Figure  6,  part  B  shows  details 
behind  the  ground  plane  of  the  automatic  spacing  device.  It  is  to  be  noticed  that 
there  is  a  servo-mechanism  take-off  of  the  position  information  providing  one  to  one 
correspondence  between  chart  paper  advance  and  movement  of  the  one  antenna  with 
respect  to  the  other  antenna.  An  additional  servo-mechanism  take-off  is  provided 
so  that  the  rotation  of  the  bottom  antenna  in  Fig.  6,  part  A  may  be  recorded. 

The  output  of  this  servo-mechanism  is  used  to  drive  the  abscissa  of  an  X-Y 
plotter.  The  resulting  pattern  is  that  of  coupling  versus  rotation  for  any  given 
spacing  of  the  antennas. 

Pyramidal  Horn  Antenna.  A  number  of  measurements  were  made  of  the 
power  interference  coupding  between  two  pyramidal  horns.  Figure  7,  parts  A,  B, 
and  C  show  drastic  changes  in  the  level  of  coupling  between  two  such  horns  as  the 
receiving  horn  is  changed  in  its  orientation  with  respect  to  the  transmitting  horn. 

Each  part  is  for  a  given  spacing  and  orientation  as  indicated  in  the  legend  on  the 
individual  parts.  The  same  two  horns  were  used  in  another  test  involving  the 
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•utcnnatic  poeitloning  equipmmt  previously  described.  For  thlr  test  tiie  E-fields 
of  the  two  horns  were  in  line.  Figure  7,  pert  D  shows  the  vsristioa  of  the  coupling 
ss  the  spacing  ie  changed  from  a  minimum  of  8  inches  to  a  maximum  of  21  inches. 
The  coupling  level  is  lowered  6db  for  each  doubliiig  of  the  spacing  between  the 
antennas  as  shown  by  the  calculated  curve  in  this  figure.  This  calculated  curve 
corresponds  to  the  dependence  of  electric  field  upon  the  reciprocal  of  distance, 
or  power  density  falling  off  inversely  as  R  a<]uared. 

Very  low  levels  of  coupling  wore  obseirved  when  the  two  pyramidal  horn 
antennas  were  aligned  with  the  H-flelds  cc^inear.  The  general  level  of  coupling 
in  dlls  case  was  in  the  neig^orhood  of  80  db  which  is  substantially  lower  dian 
the  general  level  of  coui^lng  observed  in  the  previous  case  E-fields  colinear). 

At  this  extremely  low  level  of  coupling,  because  of  the  sensitivity  of  the  measure¬ 
ment  i^iparatus,  small  variations  of  power  level  become  prominent.  It  has  been 
these  small  variations  whidi  have  been  difficult  to  explain.  (It  is  expected  that 
in  the  oral  presentation  it  will  be  px>ssible  to  clarify  die  variations  in  couplings 
observed  and  dierefore  to  present  detailed  data  on  the  actual  coupling  through 
the  use  of  slides  at  that  time. ) 

E-8ectoral  Homs.  Numerous  tests  were  performed  on  E-sectoral  horns, 
each  horn  having  a  directivity  of  approximately  8db.  Figure  8  shows  the  coupling 
for  two  E -sectoral  horns  with  two  different  orientations  corresponding  to  E -plane 
coupling  and  H-fdane  coupling.  The  data  in  the  figure  have  been  taken  for  a 
spacing  of  11.2  cm.  A  frequency  of  10  Gc  was  used  in  the  test.  Later  a  aeries 
of  tests  for  various  spacings  In  the  two  orientations  were  made  for  the  coupling 
of  the  same  two  E-sectoral  horns.  The  informatlmi  die  latter  tests  are 
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described  by  the  curves  of  Fig.  9. 


Conical  Horn  Antennas.  Two  circularly  polarized  conical  horns  were  used  in 
a  series  of  coupling  measurements.  Figure  10.  part  A,  shows  the  power  interference 
coupling  to  have  a  minor  variation  about  a  level  71  db  down  from  the  power  entering 
the  transmitting  antenna.  Part  B  shows  a  similar  measurement  with  the  orienta” 
tlon  of  the  transmitting  horn  changed  by  an  angle  of  90*^.  It  is  noted  that  the  average 
level  here  has  now  been  lowered  to  about  73  db  down.  The  variations  observed  in 
these  two  curves  are  due  at  least  in  part  to  polarization  ellipticity  present  on  either 
or  both  of  the  horns.  The  results  shown  in  this  figure  were  for  a  frequency  of 
7. 57  Gc  and  a  spacing  of  31. 0  cm.  Subsequently,  coupling  measurements  were 
made  on  these  same  conical  antennas  at  various  spacings  and  trei^eiicies. 

Figure  11.  curves  A  and  B  show  the  radiation  patterns  in  two  orthogonal  planes 
for  the  conical  horns  used.  The  directivity  of  each  of  these  conical  horns  is 
approximately  20  db. 

CONCLUSIONS 

Much  data  has  been  obtained  upon  each  of  several  pairs  of  antriuias. 

Details  in  the  construction  and  feed  arrangements  of  the  antennas  appear  to  be 
of  great  importance  in  the  power  interference  coupling  level  existing  between 
two  antennas.  In  the  application  of  coupling  information  to  the  power  Interference 
between  two  systems,  additional  data  on  coupling  antennas  operating  at  fre¬ 
quencies  other  than  the  design  frequency  must  be  obtained.  The  results  of  this 
paper  are  useful  in  assessing  the  interference  of  the  particularly  difficult  prob¬ 
lem  of  two  systems  using  antennas  mounted  in  a  common  metal  surface. 
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fig.  3,  Total  varlatloa  of  doupliag  va.  fraquoacy.  aquara  apiral  "IL". 


H$,  3.  CiparlBBoatal  aad  thauratlcal  radfsUca  pattenia,  aquara  q>lral. 


Pig.  4.  PsparinwBtal  aad  thaoiratlcal  couptlag  patterna.  aquare  apiral. 


Fiy.  S.  Predicted  patteme  of  aquare  apirai. 
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Fffl.  9  COUPLING  3ETWEEN  TWO  E-PLANE  HORNS 
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Flf.  W*  COUPLINO  •ETWCCN  TWO  CONICAL  HORNS  Fig.  lOb  COUPLING  BETWEEN  TWO  CONICAL  HORNS 


APPINDB  A' 


RILATIOW  BITWBKN  COUPLING  AND  MUTUAL  MPIDANCI 
Consider  the  genend  llnesr  two-port  network  depleted  In  Fig.  12. 


Fig.  12.  Two-port  network. 


The  netwoiic  etpsttione  are: 

Vj  -  ZjjXj  +  2^12 

(A.  1) 

^2  ■  ^22*2  • 

Since  sotenns  peirs  are  generally  linear  and  reciprocal. 

Z 12  «  Zj  j  (mutual  impedance)  .  (A.  2) 

Furthermore,  for  far- field  co^pling,  we  see  that 

iZj^l  «  IZjjl 

IZ^I  «  IZ22I  . 


21 


Dm  power  transmitted  la: 

-  Ij*  Re  (Z  jj) . 

Hie  power  reeehred  bjr  a  matehed  load  la: 


(A.  3) 


Rjj  •  Ka(Zjj) 

Rjj  ■  Re  (Zjj)  • 

Mutaal  Impaduiee  la  obtained  from  an  open- circuit  measurement,  whereas  coiqiling  is  ob¬ 
tained  from  a  tuned  measurement. 

V,, 

i  receiver 
I  open-  circuited 

The  loadkc  that  occurs  in  near- field  situations  wtU  alter  the  relation  given  by  Eq.  A,  4. 


APPINDB  B 


DERiVATlOW  OF  8QUARB  SPIRAL  FIELDB 

In  thin  anetlon  thn  radintion  flnldn  of  thn  nqunre  spiral  antenna  are  derived.  The 
antema  la  aanumed  to  be  made  up  of  a  aerlea  of  linear  wire  i^lementa  arranged  In  a  eonflgura* 
tlon  similar  to  that  of  the  square  q>lral  (see  Fig.  14).  Each  wire  carries  a  traveling  wave  of 
current.  The  phase  of  each  current  la  the  same  as  the  phase  of  the  corresponding  current  on 
the  spiral.  The  magnitude  of  the  current  oh  each  wire  element  is  held  constant,  and  attenua* 
tlon,  due  to  radiation,  la  depicted  bjr  reducing  the  current  magnitude  on  successive  wire 
elements  In  each  leg  the  spiral.  If  one  assumes  a  constant  magnitude  current  on  each  wire 
element,  the  vector  potential  may  be  calculated. 


rig.  1}.  OeeaMtrjr  tar  square  spiral  aasljrsls. 


IlM  VMlw  potsoHal  dM  to  a  tx«Tritiif  of  corrMi  Stt  •  ItiMT  wtirc  flMMOt 
ilHpliiTti  0  iltotoart  ■  tnm  tbo  oticli'  to  faaad  M  foUooro.  fbr  a  f><llractod  wlrt  (ng.  13). 
tfto  voetor  gotiattal  at  a  largo  dtotaaeo  r  from  tho  wlrt  to  givos  bjr 

Ay  -  ^  /  Ko)t‘^*^to)’  .  (BA) 

~  It 
3 

If  Kto  largo  eongiarod  to  a  wovolongtti,  r  to  gtron  approRiiaatoly  bjr 

r  •  R  -  1}  oin  #  Ota  3  -  o  coo  #  ala  3  . 
no  ciiiToat  to  aaoiuBOd  to  bare  tho  form 

Kn)  -  (B.2) 

whoro  tho  foetor  -]/9f  will  bo  oaod  lator  to  adjuat  tho  relatlvo  phaao  botweoa  eurrenta  oa  dtff- 

oroat  wiroo. 

Xoaaltaa  B.  1  aow  baoooMO 

L 

't 

or 

L 

T 

^(kalaf  ala#  ‘  ^ 

L 

T 

After  lidogratli^  aad  comtrtnlag  tho  two  reaultlng  expoaenttala  Into  a  aiae  term, 

oaeotoatoa 

.  -j(kH  +  -  kacoaOaln#) 

A  ,  Q  *  _  ala -w  -  k  atn  #  ala  #]  (B.3) 

y  2*R  [|8  -  k  ala  e  ala  #]  * 


,  -XkR  ♦  "  kacoo#ala?) 

•o*  r 

- ioR  ^  J 
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where 


•  ■  the  dIetMM  tiH  •lemae*  ie  diepleoed  froa  Ifee  ortcle 
L  •  tiM  iMgih  o<  the  eleeHM 
$  •  propagettoe  faitor  for  oerret  trave 
k  ■  propagatfoa  feofor  for  waves  la  free  epees. 


In  a  similar  manner,  the  vector  potential  due  to  a  traveling  wave  of  current  on  an  x>dlrected 
arire  ia  given  by 


*o* 


'j(kR  >  •  ks cos# Sind) 


2vR[^  -  k  sin  d  cos  #] 


sin  y  [0  -  k  sin  d  cos  #]  .  (B.4> 


In  order  to  apply  these  results  to  the  ease  of  the  square  spiral,  an  approxinmtion 
to  the  square  spiral  geometry  must  be  made.  It  may  be  seen,  in  Fig.  i4(a).  that  the  geom¬ 
etry  of  the  square  spiral  can  bo  divided  into  four  triangular  regions  and  one  small  square 
region  by  drawing  four  lines  which  pass  through  the  corners  of  the  wires.  If  the  four  triangu¬ 
lar  regions  are  now  translated  so  that  the  vertices  of  the  triangles  (points  Sj ,  a^,  a^,  and 
a^)  are  positioned  at  the  same  point  "a"  in  space,  the  geometry  of  Fig.  14(b)  reeelts. 

Note  that  this  translation  has  eliminated  the  small  square  region  at  the  center  of 
the  spiral.  The  relative  translation  between  diametrically  opposite  triangles  is  equal  to  the 
length  of  the  diagonal  of  this  small  square  region.  Since  the  diagonal  length  is  equal  to  the 
spacing  between  the  spiral  wires,  the  translation  will  be  small  If  the  wires  are  spaced  very 
closely  together. 

The  geometry  la  Fig.  t4(b)  is  more  easily  analysed  since  each  wire  element  is 
geometrically  symmetric  with  respect  to  the  axis  it  crosses.  The  current  on  each  element 
in  Fig.  14(b)  will  be  assumed  to  be  the  same  as  on  the  corresponding  element  la  Fig.  14(a). 

The  total  vector  potential  for  the  spiral  antenna  may  now  be  found  by  summing 
the  contributions  due  to  each  wire  element.  Eqaatioas  B.  3  and  B.  4  will  be  altered  for  use  la 
these  stimmations. 

Performance  of  these  summations  requires  consideration  of  the  direction  of 
propagation  of  the  current  wave  on  each  wire  element.  It  Fig.  14(b).  tbs  ourrsat  waves  oa 


14.  Scpiara  aplral  ooail(iiratioa. 


th«  y-dlfete^  etemento  crossing  the  positive  x-axis  travel  in  the  Mfatlve  j-direcUon  (down- 
mrd).  Bowcver,  the  waves  on  the  elements  crossing  the  negative  x-axis  travel  in  the  posi¬ 
tive  ]r- direction  (tgnrard).  This  dtCference  in  the  directions  of  vave  propagation  on  y- directed 
elements  may  be  considered  in  the  y- component  of  the  total  vector  potential  by  changing  the 
sign  of  (except  in  the  eiqponential  term)  in  8q.  B.  3  when  it  is  used  for  components  crossing 
the  negative  s-axis.  Similar  considerations  must  be  made  in  Eq^  B.4. 

The  relative  phase  between  currents  on  all  elements  must  a' w  be  considered  in 

performing  the  summation,  hence,  the  factor  -j^l.  This  factor  may  be  used  to  adjust  the 

phase  of  the  current  at  the  center  of  the  wire  element  being  considered.  It  is  easily  seen 

from  Bq.  B.3  that  if  the  phase  of  the  current  at  the  center  of  the  wire  [rj  >  0)  is  correctly 

chosen,  then  the  phase  of  the  current  at  other  positions  along  the  wire  ( irri  >  0)  will  also  be 

correct.  The  Isetor  ~}fit  will  give  the  correct  phase  at  the  center  of  each  wire  element  if  f 

is  defined  as  the  length  of  the  qpirsd  leg  from  its  beginning  at  the  center  of  the  spiral  out  to 

the  center  of  the  element  being  considered.  With  f  defined  in  this  manner,  the  current  at 
fch 

die  center  of  the  m  y- directed  wire  element  is  given  by 

I  (-1)”"'^  II  I  e  ”  , 
m  m  ' 

I  .  ■  ■ 

2^ 


(B.7) 


TIM  total  voctor  potantlal  dM  to  all  currMts  on  tiM  iptral  is  thao  (tvaa  bjr 

X  «  5  Ay  ^  . 

X  may  ba  aapraao^id  la  tenaa  <d  apharleal  coordlaataa  aa  foUowa; 

X  ■  A^^+A^^ 


Trtara 


A^  -  A^  coa  #  ooa  9  >  A^  ala  d  ala  9 

<B.8) 

A^  ■  -A^  ala  #  -I-  Ay  ooa  #  . 

(B.8) 

Hm  alactrlc  fMda  ara  thaa  flvM  br 

■ 

*9  -  -J«mA^ 

(B.10) 

E^  -  -J«  M  A^  . 

(B.ll) 

Pwiormfac  tha  tadieatad  aparatloaa  produeaa  Oie  followinf  axpreaatOBa  for  and  : 


-JOf  -  ka_  Biadalnd) 

*  r  w  X  0  ™  *  I# 

— Icoadcoad  _ _ -  ain O  -  katnff  coa#) 


(^  -  k  atn  9  coa  #) 


-  jOC  ka.  ain  9  atn  a) 

N  la’*"  L 

♦  eoa#eoa9  yjf-l)"**  - - - ala -ip  O  kaln9coaa) 

O  -f  k  aln  9  eoa  #)  * 


ala 


•  co.« 


-K^t „  *  coa#  Bin ^ 

I  e  “  “  L 


atn  — IP  ■*■  k  sill  9  sin#) 


m>l 


(0  >  k  ain  9  aln  #) 


-  ala 


K  I  «  “  L 

#coa9  ® 


(0  -  k  sin  9  aln  #) 


-  sin  — r  (^" 


c-P 


(B.  12) 


kB^sin0  6ind; 


.  -jkH  r  -N 

‘“el-  Ufa#  S(-l)"*'  ’  „  ^  , - r—  .in^  W-kltaSco..) 

2fH  ^  (^  -  k  Bin  9  COB  0)  * 

+  kB_  Sind  sin0) 

u  ,  n  n  , 

N  ,  1  e  L 

+  sin  0  ^  (*  1)  * - *tn  +  k  Bin  9  cob  0) 

nai  (/3  +  k  sin  9  cos  0)  ^ 


-  ks  cos 0 Sind) 

M  I  e  ™  L 

COS0  ^  (- 1)'"'^^ -^2 —  —  - sin (/2  +  k Bind 8tn0) 

“ i  {3  +  k  sin  d  sin  0)  2 


♦  cos  0  J  (-  1) 
m=l 


m+1  * 


•j(3<_  +k8_  CO80  Sind) 

mm 


(3  -  k  sin  d  sin  0) 


Sin  — ^  (3-  k Bin  d  8in0) 


(E.i3) 


It  should  be  noted  that  throughout  this  analysis  no  restriction  has  been  placed  on 

the  magnitude  of  the  current  on  the  spiral  (1  and  I  )  except  that  it  must  be  constant  over  the 

n  m 

le'igth  of  any  individual  wire  element.  Magnitude  adjustments  may  be  made  between  succes¬ 
sive  wire  elements,  however,  and  these  adjustments  may  follow  a  certain  mathematical 
relationship.  A  logical  choice  for  this  relationship  would  be  a  current  magnitude  which 
attenuates  only  slightly  until  the  "radiation  region"  of  the  spiral  is  reached,  and  thereafter, 
attenuates  at  a  greater  rate.  The  expression 


has  these  characteristics  and  was  used  in  computing  field  pattprn.s. 
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INTRODUCTION 


General  procedures  for  determining  the  equnralent  radius  of  uniform  antennas  with  arbitrary 
cross-sections  ai'e  described.  Once  the  equivalent  radius  is  known,  it  is  possible  to  make  use  of  the 
published  literature  for  cylindrical  antennas  to  determine  the  input  impedance. 

't 

The  equivalent  radius  of  a  uniform  antenna  with  non-circular  cross-section  was  suggested  by 
£ric  Hallen  U).  Hallen  stated  that  antennas  with  non-circular  cross-sections  could  be  examined 
mathematically  by  considering  them  to  be  cylindrical  in  shape  and  to  have  an  equivalent  radius.  Once 
the  equivalent  radius  is  known,  it  is  possible  to  make  use  of  the  published  literature  for  cylindrical 
antennas  to  determine  the  input  impedance.  Hallen  advanced  the  theory  that  the  equivalent  radius  of 
an  antenna  with  non-circular  cross-section  was  equal  to  the  radius  of  a  circular  antenna,  which  in 
conjunction  with  a  larger  concentric  circular  cylinder  had  the  same  capacitance. 


However,  Hallen's  technique  becomes  difficult  to  apply  when  the  shape  is  not  conformably  map- 
able  to  a  circle,  which  is  possible  only  for  a  limited  number  of  classical  configurations.  Shintaro  Uda 
and  Yasuto  Mushiake  (2)  used  a  different  theory  from  that  of  Hallen  and  derived  an  approximate  expres¬ 
sion  for  the  equivalent  radius  given  by: 


loge  P 


d  (s,  Sj^)  dSj^ds 


where;  p  =  equivalent  radius 

d{s,  s^)  =  direct  distance  between  two  points  s  and  s^^,  taken  on  the  closed  periphery  c  of  the  cross- 
section. 

a  =  length  of  the  closed  curve  c. 

r 

The  equivalent  radius  as  derived  by  the  approximate  expression  of  Uda  and  Mushiake  has  been 
clinipared  analytically  and  numerically  with  the  equivalent  radius  found  using  Hallln's  method  on  a 
few  arbitrary  shapes.  These  two  methods  give  equivalent  radii  v.'hich  differ  by  approximately  0, 15 
to  5.  0  percent  in  the  cases  investigated. 


Measurements  have  been  made  on  the  arbitrary  shapes  presented  in  this  paper  (Figures  4,  5,  6) 
and  reasonably  good  agreement  has  been  found  between  the  input  impedance  of  the  noncircular  antenna 
and  the  cylindrical  antenna  of  the  equivalent  radius  over  a  frequency  range  from  below  the  first 
resonance  to  above  the  second  resonance. 


EQUIVALENT  RADFJS  OF  ELLIPTICAL  COfHlUCTOR 


Hallen's  method  w'ill  be  used  as  an  example  for  the  derivation  of  the  equivalent  radius  of  an 
elliptical  conductor. 

Consider  an  elliptical  conductor  of  major  axis  a  and  minor  axis  b  with  zero  potential  concentric 
with  a  circular  cylinder  of  radius  R  with  potential  as  shown  in  Figure  1.  The  equation  for  the 
ellipse  is: 
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For  this  case,  equation  (3)  is  equal  to  R'^  as  v'  ~  <P 
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Therefore 


R  ~  c  cosh 
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The  total  flux  between  the  two  conductors  is 


Q  =  2  TTe  c,  = 
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'Dw  capacitance  between  the  tw^o  conductors  is  then: 


Capacitance  = 
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The  capacitance  for  coaxial  cylinders  of  radii  p  and  R  is: 


Capacitance  of  coax. 
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The  equivalent  radius  of  an  antenna  with  noncircular  cross-section  is  equal  to  the  radius  of  a  circular 
antenna,  which  in  conjunction  with  a  larger  concentric  circular  cylinder,  has  the  same  capacitance. 

So  equating  (6)  and  (7),  p  will  be  the  equivalent  radius  of  the  elliptical  conductor: 


Substituting 
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But  when  x  >  3,  cosh  x  =  -|-  e^  correct  to  three  sig^iificant  figures. 
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EqMatioo  (11)  la  tha  ajqporaaakm  for  tha  a<|atvalaiit  radJua  of  an  elll|4foal  conductor  with  major  ax 
and  minor  axia  b. 

Whan  al^r  tha  major  axia  or  tha  minor  axia  of  tha  eliiptical  conductor  ahrinka  to  xaro,  tla 
alli|itioal  oooduotor  will  bacoraa  a  thin  flat  atrfo.  If  tha  minor  axia  ahrinka  to  aaro,  equation  (11) 
baeomaa: 


P«  ,  or  0.25  (widfli) 


(12) 


Ibia  ia  tha  aquivalaut  radtna  of  a  fldn  flat  atrip.  Tha  raault  la  in  agraamant  with  a  pravioua  inf 
gation  a  »  b  »  r,  dm  alljpaa  will  than  become  a  circle  with  radtua  r.  From  aquation  (11) 

a  =  b  •  r; 


P= 


»  r 


ft  ia  obaanrad  that  die  aqalfalaot  radina  ia  equal  to  the  radiua  tha  circle. 


ARBITRABT  GEOMETRIES 


For  thoaa  gaonmtnaa  adtieh  are  not  aaaiiy  comformably  mapabla  Hallan’a  method  becomei 
difficult  to  apply  and  other  tachaignaa  moat  be  employed.  In  tha  shapaa  which  follow,  the  exprea 
of  Uda  and  Mpahiaka  haa  bean  uaad.  The  integral  can  be  evaluated  analytically  for  croaa-aactim 
ci  atraight  liaa  alamanta.  A  fow  axamplaa  are  ahown  below. 

Antenna  With  /^ywn-Seotioa  (Figure  2a) 

(1  *>7  .  7  ^  log,  (r; )  *  »,  lo«g  <l  +  ij 

+  i)^tan’^(^)  . 

AaOtaia  Wtgh  T-Shaned  Croaa>aaction  (Ftmra  2b) 

pr  a^bP'^%a2^b2)2P'^e^<»7^  * 

p  =•  1/(2  ♦  i))2 


«  — I — 2 

(  1  +  17  )2 


3 

2 


u 

-  O  - 


2  A 


W)  =  (2T^2  ^  ^  (TD^  n  ^tMn 


Antenna  With  CroiB-Shaped  Croga-Sectlon  (Figure  2c) 
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Antenna  With  Rectangular  Cross-Section  (Figure  2g) 
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Antenna  Made  From  Two  Circular  Cylinders  Li  Parallel  (Figure  2h) 
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Antenna  Made  From  IVo  Flat  Strips  in  Parallel  (Figure  2i) 
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Antenna  Made  From  Two  Angle  Strips  in  Parallel  (Figure  2j) 
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Antenna  Made  From  Three  Circular  Cylinders  in  Parallel  (Figure  2k) 
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Figure  2 


Antennas  With  Arbitrary  Cross-Section 
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By  applying  numerical  analysis  techniques,  Uda's  method  has  been  extended  to  geometric  al 
cross-sections  of  arbitrary  shapes.  For  the  airfoil  section  shown  in  Figure  3,p  1.29. 


X  0.0  0.8  1.08  0.5  -0.32  -1.11  -1.87  -2.16  -1.42 _ i0j64 

Y  0.0  0.25  0.96  1.5  1.6  1.43  1.15  0.63  0.3  0.07 

Figure  3  Air  Foil  Cross-Section 
EXPERIMENTAL  MEASUREMENTS 


Experimental  results  obtained  for  three  of  the  cross-sectional  shapes  of  Figure  2  are  shown 
in  Figures  4,  5  and  6,  along  with  measurements  on  cylinders  of  the  same  equivalent  radius.  The 
agreement  is  good. 
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Figure  5.  Measured  Feed  Point  Admittance  of  Circular  Conductor  and  Two 
Flat  Strips  in  Parallel. 


-  12  - 


TRA?7SVERSE  FOCAL  REGION  PROPERTIES  OF 


A  SPHERICAL  REFLECTOR 


Geoffrey  Hyde 

Radio  CorporaKon  of  America 
Defense  Electronic  Products 
Moorestown,  New  Jersey 


TRANSVERSE  FOCAL  REGION  PROPERTIES  OF 


A  SPHERICAL  REFLECTOR 


Geoffrey  Hyde 

Radio  Coiporatioo  of  America 
Defense  Electronic  Products 
Moorestown,  New  Jersey 


Introduction 

This  paper  is  concerned  with  the  possibilities  of  feeding  large  sphrrrical  reflectors 
with  a  feed  system  transverse  to  the  axis  of  the  antenna,  in  situations  requiring  limited 
electronic  scanning.  Hie  work  has  largely  been  supported  by  the  Air  Force  Cambridge 
Research  Laboratories  under  AF19(628)2758,  "Transverse  Antenna  Feeds".  Sujqxirt 
has  also  come  from  RCA  in  connection  with  research  for  an  antenna  for  multiple  target 
radar  systems  (MUTAR).  It  Is  the  purpose  of  this  work  to  develop  a  transverse  feed 
system  that  corrects  for  aberrations  and  permits  scanning. 

1  2 

Research  on  spherical  reflectors  has  been  going  on  for  some  time  ’  .  This 

effort  arose  from  ideas  put  forward  by  Carl  Sletten  ,  Chief  of  the  Microwave  Physics 

Laboratory,  AFCRL,  and  was  svqjervised  in  its  first  year  by  Roy  C.  Spencer  who  has 

contributed  heavily  to  the  program,  especially  the  geometric  optics  analysis.  The 

4  5  6 

study  to  date  has  completed  work  on  geometric  optics ,  ’  and  polarization  .  Evalu¬ 
ation  of  focal  region  fields  and  the  feed  problem  are  the  present  areas  of  endeavor. 
Geometric  Optics 

The  sphere  is  the  simplest  of  all  three-dimensional  surfaces  because  its  radius 
of  curvature  is  constant.  Consequently,  it  has  no  preferential  direction  as  do  the 
paraboloid  and  the  ellipsoid  and  every  radius  (or  normal)  passes  through  its  center 
and  is  an  axis  of  symmetry.  This  is  the  property  that  attracts  our  attention  in  scan¬ 
ning  applications. 


Coatider  a  parallel  ponoll  of  rays  incident  on  the  concave  aide  of  a  spherical  cap 
as  in  Figure  1.  Let  the  ray  throu^  die  center  0  of  the  sphere,  the  central  ray,  be  the 
axis.  For  any  incident  ray.  the  law  of  reflection  states,  (a)  that  the  reflected  ray  lies 
in  the  plane  of  incidence  (the  plane  containing  the  normal  to  the  surface,  OB  and  the 
incident  ray  AB),  and  (b)  that  the  angle  of  reflection  equals  the  angle  of  incidence, 
llie  plane  of  incidenoe  therefore  contains  the  center,  which  lies  on  the  normal  as  well 
as  the  axis,  and  intersects  die  sphere  in  a  great  circle.  It  follows  that  (a)  all  problems 
of  reflection  of  a  single  ray  reduce  to  that  of  reflection  from  a  circle;  and  (b)  all  re- 
ileeted  rays  Intersect  the  axis.  There  can  therefore  be  no  shew  nqrs  (rays  that  miss 
ths  axle),  as  there  are  in  the  off-axis  illumination  of  the  paraboloid.  It  further  follows 
that  all  incoming  linearly  polarised  waves  are  treated  alike. 

Inooming  rays  parallel  to  end  very  near  the  ray  passing  throu^  die  center  of  the 
sphere  pass  diroogh  a  focus  F  called  the  paraxial  focus  located  half-way  from  the 


2 


I 

^  center  of  curvature  to  the  spherical  reflector.  In  general,  for  any  doubly  curve*!  re- 

5  fleeter  all  reflected  rays  are  tangent  to  two  caustic  surfaces.  A  caustic  is  defined  as 

-'5 

r,-v 

I  the  envelope  of  reflected  (or  refracted)  rays  as  tlie  position  of  the  point  of  incidence  is 
varied.  A  sphere  has  two  caustics,  the  axial  caustic  Isring  along  the  central  ray,  and 
the  caustic  surface  discussed  below. 

Let  us  now  consider  a  family  of  parallel  rays,  i.e. ,  a  bundle  of  rays,  traced 
through  reflection  from  a  spherical  reflector.  A  plane  section  is  shown  in  Figure  2. 

It  is  evident  that  the  reflected  rays  fold  into  a  sort  of  a  fan  whose  envelope  is  densely 
populated  by  rays.  This  is  the  caustic  curve.  It  is  formed  by  the  crossing  of  adjacent 
rays  in  a  plane.  In  Figure  3,  we  have  drawn  a  spherical  reflector  with  three  rays 
incident  on  it.  These  are  the  central  ray  or  axial  ray,  and  the  edge  ra3rs  or  marginal 
rays.  For  our  purposes  the  marginal  ray  is  the  outermost  ray  that  is  properly  re¬ 
flected.  It  is  characterized  by  the  maximum  allowable  value  of  h,  h  and  the 

max 

maximum  angle  of  incidence  a _ =  5  The  axial  caustic,  the  caustic  surface 

max  max 

and  the  paraxial  focus  are  all  indicated  and  have  been  previously  discussed.  Every 
ray  is  tangent  to  the  caustic  surface.  In  particular  the  marginal  rays  are  tangent  at 
the  points  is  termed  the  marginal  focus.  The  marginal  rays  intersect  on 

the  axis  at  Fj^  and  then  intersect  the  caustic  surface  a  second  time  at  the  points  . 
The  circle  of  diameter  ,  "the  circle  of  least  confusion”,  is  the  smallest  circle 

that  contains  all  the  rays.  For  our  purposes  the  region  lying  between  the  caustic  sur¬ 
faces  and  between  the  paraxial  focus  and  the  marginal  focus  is  the  focal  region,  and 
It  is  here  that  we  must  concentrate  our  efforts. 

Of  the  properties  of  rays  of  interest  in  this  study,  perhaps  the  decisive  one  is 
optical  path-length.  Path- length  enters  into  the  expressions  of  wave  theory  as  phase, 
and  thus  into  the  evaluation  of  that  theory.  Figure  4  shows  portions  of  concentric 
spherical  surfaces  of  radii  R  and  A  ray  AB  parallel  to  the  axis  OV  is  reflected 
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Figure  2.  Caustic  by  Geometric  Ray  Tracing 
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Figure  3.  Focal  Region  of  a  Sphere 


Figure  4.  Reflection  from  Two  Concentric  Spheres 
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•I  B  OB  Urn  aphorteal  rofloetor  aad  is  laeldont  at  P  on  tiio  socond  aurface.  Computa- 
ttouUy.  it  provoa  oaoBil  to  normallM  all  laufttna  wttii  roapoct  to  R.  Tlmo  the  com- 
patattoBO  doBo  for  Ihe  alacla  reflector  feed  aurfaoe  eaee  were  made  uaing  the  formulae 
haloar,  aU  of  wfaldi  auqr  ha  darired  from  Figure  4. 

L  .21,-1^ 

•  ■  J  ala”^h  -  010“^-^ 


Tht  plot  of  L  agaiaat  h  (Figure  5)  haa  even  aymmetry  about  h>0,  and  the  alope 
of  dm  oarraa  ia  ahrqra  aero  at  h«>0.  dm  axial  cauatto,  but  haa  otiwr  atationary 
▼ahiaa  oaly  for  r^  >  0^  which  mark  die  locua  of  the  cauatic  aurface.  Figure  6 
ahowategrapha  of  fra  h.  whidi  hare  odd  aymmetry.  llila  meana  that  there  are  up 
to  three  raya  which  paaa  diroogh  aome  field  pointa  (r  ,  9  ) .  The  atationary  pointa 

R  P 

daBota  the  canatie  aarfaee.  Currea  for  L  ra  9^  were  plotted  (Figure  7).  Almost  all 
die  propertieo  seen  ia  the  odwr  currea  are  to  be  found  In  these  "fish  tails".  The 
onapa  of  the  "fiab  tail"  mark  dw  cauatic  surface.  A  line  of  constant  haa  up  to 
dtree  taatersectlaBS  widi  a  eurre  for  constant  r^ ,  denoting  the  diree  raya  through  a 
field  fioiat.  Rote  dtat  for  reflectors  of  radii  150  to  300  wavelengtha,  a  change  of  0.01 
In  L  OB  dw  graphs  may  be  a  change  1.5  to  3  warelengdia,  or  500*  to  1000*  of  phase. 
!f  one  ooBaidero  90*  to  be  important,  changes  in  die  fourth  aignificaBt  figure  of 
Bormallaed  path-tength  are  worthy  of  note. 


PoUrixation: 


The  spherical  reflectors  under  study  subtend  sngles  at  the  center  of  curvature  of 
tte  order  of  60*.  llie  resulting  wide  lugles  of  incidence  preclude  the  neglect  of  polar¬ 
ization  effects,  as  stdietantial  contributions  of  cross-polarized  fields  can  arise.  ^  If 
(me  considers  a  linearly  polarized  plane  wave  incident  on  a  spherical  reflector,  apply- 
ing  die  current  distributioo  method  one  quickly  obtains  for  the  current  on  the  re¬ 
flector,  K,  using  the  notation  of  Figure  8, 

If  ^2  Is  the  unit  vector  in  say  direction  2.  the  component  of  current  radiating  in  this 
direction  is: 

A 

for  an  incoming  i  polarized  wave,  if  z  is  the  direction  of  propagation 

^  A  A  A 

Sj  »  i  ;  Uj  »  k 

and  dius: 

-s  A  A 

i?  *  2H,  X  J 

A  8 

To  a  good  approximati(m,  for  spherical  reflectors  of  the  size  and  shape  (Mmtem- 
plated,  the  polarizatl(»  is  essentially  that  of  the  specularly  reflected  ray.  This  is 
evidenced  by  the  fa<;t  that  the  circle  of  least  confusion  subtends  less  than  7*  at  any 
point  of  incidence  in  a  sphei  'al  reflector  stbtendlng  60*  at  the  center  as  shown  in 
Figure  9.  This  type  of  assumption  can<»ming  the  specularly  reflected  ray  is  also 
lnh«’>rent  in  the  stationary  phase  approximation. 
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NORMAL 


Ftgur«  10.  Specular  ReflectioB  firom  a  Curved  Surface 


For  the  specular  ray  (see  Figure  10) 

A  A  A  A  .  A 

Pg  -  Ui  -  2(aj*n^)n^ 

hence 

A  ^  ^  A  A 

**2  “  K*2(k.n^)ng 

od 

_  ,  A  A  A  A  A  AAA-' 

2Hjfn^xj-(l-n^)(k-2  (u^-k)!*^)] 

If  the  center  of  the  sfriierlcal  reflector  is  chosen  as  the  origin  of  coordinates,  one 
an  write  in  spherical  coordinates. 

A  (jB 

^3  *  "  OB  , 

A  ^  A  A 

=  -  p  =  -  {I  ain  9  cos  0  +  J  sin  9  sin  +  k  cos  9) 


IT  -  2H^  [  1  co«  9  -  k  ala  B  co*  <f.  j 


A  A '  A 

*  >  (i  aia  29  eoa  ^  4^  J  aia  29  sin ^  k  cos  29) 


and  ilaally 


A  2 

iL.  «  [i  2  (ooa  9  >  ala  9  aia  29  coa  if) 


>  ]  ala  9  ala  29  aia  2^^ 

A  , 

-  k  2  ooa  9  ala  29  ooa 

Ualaf  apharical  unit  Tacton,  which  ax«  readily  idantlflabla  on  the  spherical 
raflactor  aurfaea. 


s  A  A 

K  *  2H^  (9 eoa  9  -  ^  ooa  B  Bin  ^ 


«  2H^  f  p  COB  B  Bln  B  cob  tp  I 

A  2 

9coa  ^  (l*»-aln  9) 

-  ^  ooa  9  aia  | 

For  an  iacidant  J  -  polarised  ware  one  can  show  that:  | 

_  -  A  ^ 

K21  «  [-  i  aia  9  aia  29  sin  2  «9 

A  2  ! 

>  J  2  (coa  9  •  aia  9  sin  29  sin 

A  ■  ,  .  :i 

*  k  aia  29  coa  9  ala  ^  J 

A  A 

aa  one  might  aspect,  with  i  and  j,  sin  <p  and  con  <f  interchanging  their  roles. 

AAA., 

Figurea  11.  12,  and  IS  are  polar  plots  of  the  i,  J,  k  components  respectively  of  ’ 
effective  surface  current  density  aa  they  would  appear  on  the  surface  of  the  spherical 
reflector  if  one  were  looking  down  the  central  ray  at  the  reflector.  The  values  shown 
are  valid  perhape  for  9  £  3S*,  hut  are  shown  out  to  90*  as  a  point  of  Interest.  The 
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i2tr 

<0»| 


40* 

IJC* 


)-e«apoarat  Imm  ttM  *M*«H*y  fonr-loted  ero0t-<pelarls«d  p«Mtn,  tod  al«o  is  rap- 
pwessd  BBort  strongly  tinm  tiis  k-oonpoaont  ss  $  npprosekM  0*.  Mots  the  hm£  of 
ssnw  for  tlM  1  cwnponsot  for  # n4S*.  which  ssoms  to  bs  fos  esnse  of  ths  sqnsshod- 
down  slUpttosl  oontonrs  for  smsUsr  raluss  of  fl. 

Focsl  Bsgion  Fields 

It  is  STidoait  froBB  ths  forsgoint  that  ray  point  in  ths  focal  region  not  on  ths  axial 
cinstie  rsosisss  field  oontribatlcas  fronn  as  many  as  fores  rays,  i.s.  three  regions 
on  the  reflector.  If  one  were  to  sum  up  foe  field  oontributioes  from  the  reflector  at 
a  general  point  in  foe  focal  region,  one  would  expect  to  find  that  ereryfoing  ctmoels 
except  font  arising  from  fosse  three  regions  and  foe  effects  of  discontinuities  iln  foe 
current  distribution  such  as  are  caused  by  edges,  aperture  blockiag,  etc.  Let  us 
neglect  disconttamities  in  foe  current  distribution.  Since  foe  surface  current  and 
charge  obey  the  continuity  equation,  only  foe  current  distribution  need  by  considered. 
If,  furfoer,  it  is  assumed  that  foe  focal  region  is  in  foe  for  field  of  the  contributing 
regions  of  the  reflector,  for  an  incident  uniform  i  polarised  plane  wave,  we  can  w.rit< 
for  foe  field  at  a  point  P, 

. I  .y  rK-(K-Sj)Sj] 

Reflector 

where  Lj ,  Lj  ,  are  path-lengfos  from  Figure  4,  and  *  “  J  ** 

shown  that 
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I  =  2Hj  ^  ft  (CO*  ®  -  gin  ®  gin  20  cog^  <J)) 

A 

•  j  gin  B  gin  26  gin  cog  0 
~  (c  cog  B  gin  20  cog  ((>] 


I 


i  |'r  CO*  0  + 


j  R  CO*  0+ +  -  2r  Rfsin  9  *iB  d  CO*  (^-A  )  +  CO*  ®  co*  9] 


\11/2 

i 


f  R^  +  -  2r  R  fgin  6  gin  6  cog  (A- A  )  +  cog  6  cog  tfA 

\  P  P  ^  P  P  P  V 


1/2 


X  |r^  gin 


Th«  prooeggeg  which  led  to  thig  int^ral  lead  inevitably  to  the  method  of  gtetiongry 

phaee  in  ite  evaluation.  Stationary  phaee  i*  an  asymptotic  method  mathematically 

related  to  the  method  of  steepest  decent,  but  resting  on  a  somewhat  weaker  mathematical 

foundation.  It  has,  hovever.  a  strong  physical  relationship  to  wave  motion  problem*. 

Basically,  it  says  that  if  contributions  at  a  field  point  remote  from  an  equiphase  surface 

are  added,  they  tend  to  cancel  except  for  the  contributions  from  regions  where  the  phase 

has  a  stationary  value,  i.e. ,  its  partial  derivatives  are  zero.  And  it  can  be  shown  that 

thig  approximation  is  quite  accurate  subject  to  certain  limitations.  The  most  important 

2  w 

of  these  boils  down  to  the  requirement  for  our  case  that  R  is  a  very  large  number. 

2  IT 

For  R  2  170,  — R  >  1000.  The  method  can  be  shown  to  break  down  at  foci  and  caustics, 

A 

in  the  simple  form  discussed  here.  Basically,  what  we  have  achieved  is  an  extension 
of  the  geometric  optics  model  to  give  us  some  evaluation  of  the  field,  including  Inter¬ 
ference  and  polarization  effects,  at  points  in  the  focal  region  which  are  not  on  or  very 
near  the  avial  caustic  and  the  caustic  surface.  For  the  relatively  large  feed  surfaces 
we  contemplate,  this  is  a  significant  portion  of  the  transverse  focal  region. 


17 


Hm  atatkmuy  phaM  eoadttloM  ara 

m  A>  .Silt  •  A* 

1#  TI  ”* 

wbidi  laad  to  tiw  relatloaahlpe 


’-♦p  ■  { 


afa  •  aia  ( 0  A  # 


IW  flnt  ralatloBokip  afanply  aajra  that  atationary  poiata  lia  in  plane  of  inci¬ 
se  ooataininc  the  field  point  P.  The  aeooiid  ia  simply  tite  sine  Unr  for  triangle  OPB 


of  flgttra  4.  Both  d  theaa  eoadltloaa  ariae  ia  the  geometric  optica  troatment  and  show 


relathmahip 


tiiia  atationary  phaae  eraluation  and  die  geometric 


optica  modaU  finally  dan,  we  can  ahosr  that  at  tin  pointa  of  concern,  ao-called  field 
points  of  the  first  kind, 

Jt.  0,[t(0jP,i*D,P„*0,P„) 

where  ^  snbacripta  1,  2,  S,  refer  to  the  raluea  9^ ,  and  which  can  contribute 
at  P«P(r^,  8^,  ),  and  aidiacripts  I,  j,  k  refer  to  components  of  polarizatimi 

(K-  (K*  n^ln^ ).  Tima  Pj2  ^  ^  )  component  of  polarization  eraluated  for  8^  ,  if 
8^  eadsts.  And  la  the  stationary  phase  factor  eralualed  for  *3 .  if  ^3  exists. 
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wtiei* 


U 


where  ere  the  second  psrtisl  derivatives  of  L  witii  respect  to  S  and  0 

respectively,  and  ■  e*^  ,  with  the  *  sign  chosen  the  same  as  the  sign 

of  Laa,  respectively,  and  accoimt  for  the  so-called  anomalous  phase  chiuige  when 

Uff  (pfp 

passing  a  caustic.  Results  have  been  computed  for  points  on  concentric  spherical 
surfaces,  (r^  »  constant),  for  R  >  170  X,  400  X.  Typical  results  are  shown  in  Figures 
14  to  20,  for  the  values  of  parameters  r^ ,  shown. 

p  p  p 


Experimental  Work 

The  experimental  model  being  used  at  the  time  this  paper  was  written  was  a  pill¬ 
box  with  a  circular  cylinder  back  wall  operating  in  the  TEM  mode.  This  is  a  two- 
dimensional  analog  to  the  spherical  reflector.  While  it  suffers  from  some  defects,  to 
whit  -  only  one  polarization  is  supported  and  there  is  no  convergence  to  m  axial 
caustic,  it  does  have  a  caustic  similar  to  the  caustic  surface  and  permits  the  develop¬ 
ment  of  measuremmit  techniques.  Amplitude  and  phase  distributions  in  the  focal 
regi<m  are  being  measured. 

The  experimental  model  consists  of  two  parallel  plates  9*  x  5*  separated  by  1/4". 
The  leading  edge  is  straight  and  slightly  flared  in  the  transverse  plane.  The  back  wall 
is  a  cylinder  with  a  7'  radius  of  curvature.  The  measurements  are  being  made  at 
24Kmc/s.  that  is,  for  a  wavelength  of  about  1/2".  TTie  pillbox  is  being  illuminated 
from  a  distant  source.  The  resultant  in'emal  fields  are  being  sampled  by  a  capacitive 
probe  which  can  be  moved  throughout  the  region  of  interest.  A  major  advantage  of  the 
pillbox  is  that  the  parallel  plates  permit  ready  access  to  the  focal  region,  as  compared 
to  the  full  sphere.  After  the  completion  of  these  measurements.  «q>eriments  on  a 
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Figure  16.  Focal  Reglcm  Fields 


Figure  17.  Focal  Region  Fields 
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Figure  20.  Focal  Region  Fields 


■piMrlMl  nftoelDrirUlbtftau  TheM  wlU  vtivM  Ite  proper  «Mdli«  of  ite  FtfSwtor 
M  Will  M  probiif  AM  fMftl  Mgtoa.  PnMBt  tamtif atloM  lafeQ  tiw  fMd  probtom  and 
pMt  ta  vtUHad  work  ladloati  that  whila  analyaia  will  prorldo  guidalioea, 

a  laifa  laeiag  of  «nplrleal  optimlaatka  will  oHiinatalsr  ba  raqoirad. 
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DUAL  MODE  PATTERN  AND  RECIPROCITY  STUDIES  WITH 


A  SIMPLE  WAVEGUIDE  FEED  AND  REFLECTOR  ANTENNA 

by 

M.  W,  Scheldorf 

Antenna  Research  Facility 
IITRI,  Geneva*  Illinois 

GENERAL 

A  multimode  antenna  behavior  measurement  program  Is  being  con¬ 
ducted  as  a  part  of  a  general  RFI  prediction  and  minimization  pro¬ 
ject  undertaken  by  the  Antenna  Research  ”  •'llity  of  IIT  Research 
Institute  for  the  U.  S.  Army  Signal  Corps.  A  preliminary  study 
Is  finished,  determining  the  dual  mode  behavior  of  a  simple  antenna 
arrangement,  A  complete  and  essential  reference  for  the  general 
theory  of  dual  mode  behavior  of  a  rectangular  waveguide  Is  found 
In  she  1962  IRE  Wescon  Convention  Record  TP-1,  Paper  12-i*,  "Antenna 
Beam  Shifting  by  Dual  Modes",  Kltsuregawa  and  Tachlkawa.  This  paper 
discusses  the  changes  In  primary  and  secondary  radiation  oatterns 
for  different  amplitude  ratios  and  phase  difference  between  TE^q 
and  TE2g  modes. 

In  the  experimental  work,  a  ^1.28  KMC  signal  frequency  is  used 
for  a  number  of  tests  with  a  3"  x  1  1/2"  waveguide.  The  modes  are 
restricted  to  the  dominant  with  a  wavelength  of  3.153"  and  the  first 
higher  order  mode  with  a  wavelength  of  11.  U9”.  These  wavelengths 
are  sufficiently  well  separated  to  permit  excitation  of  either  or 
both  modes  with  ease. 

A  parabolic  cylinder  feed  unit  Is  constructed.  It  is  shown 
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In  Photo  1-A.  '  A  2^^  length  of  3”  x  I/2”*'rectangular  waveguide 
la  fitted  with  three  removable  probes;  one  at  the  center  of  the  i 
wide  face  (or  the  back  side  of  the  view  shown),  for  TE^q  excltatloi 
and  two  probes  located  In  the  wide  faces  on  opposite  sides,  half¬ 
way  between  the  center  and  the  narrow  sides j  for  TE^q  excitation. 
The  photo  shows  one  of  the  TE^q  probes.  A  series  of  holes  spaced 
C.l"  are  located  on  the  top  wide  face.  In  a  transverse  location 
such  that  equal  TEj^q  and  TE2Q  fields  will  be  measured  for  equal 
maximum  amplitudes,  A  movable  plunger  1-B  Is  provided  and  the 
probe  longitudinal  positions  so  chosen  that  at  one  location  the 
short-circuit  face  of  the  plunger  will  produce  a  quarter  wavelengtl 

spacing  to  the  corresponding  probes,  at  both  operating  modes.  The 

A. 

long  section  shown  omits  two  horn  flaps  at  the  left  end,  held  on 
by  machine  screws  (the  tapped  holes  are  visible). 

After  some  preliminary  field  pattern  tests,  the  following 
arrangements  are  chosen  to  excite  the  waveguide  with  TE^^  only, 

TE^g  only  and  a  mixture  of  TE^^  and  TE^g. 

TEj^g  only;  The  centrally  located  probe  Is  excited  by  Itself. 
TE2g  only;  The  TE2g  probes  are  fed  In  parallel  with  a  phase 
shifter  added  to  one  cable,  to  obtain  the  leserved  phasing. 

TE^g  plus  TE2g  :  One  TE2g  probe  Is  excited  by  Itself  and  a 

parasitic  probe  Is  placed  near  It  by  means  of  a  short-circuited 
wire  stub  projecting  Into  a  hole  In  the  waveguide  wall  botveen 
the  feed  probe  and  the  open  end  of  the  waveguide. 

The  setup  Including  horn  flaps,  attached  to  the  open  end  of 
the  waveguide  Is  seen  In  Photo  2.  Measurements  of  field  dlstrlbutl 


at  0.1"  Intervals  are  made  as  indicated  by  the  curves  of  Figure 
1,  These  measurements  Include  holes  between  the  probes  and  the 
plunger.  This  accounts  for  the  Irregular  and  rapid  variations  at 
the  left  end  of  each  curve. 

The  TEj^g  distribution  is  excellent.  There  is  only  one  oscilla¬ 
tion,  which  proves  the  absence  of  the  TE2Q  component. 

The  TE.,rt  distribution  is  not  as  successful.  There  is  a 
<:0 

variation  in  both  the  length  of  the  period  and  its  amplitude.  This 
indicates  a  lack  of  balance  in  the  excitation  of  the  two  probes. 

The  TE^q  and  TE^q  combination  is  similar  to  the  TE2Q  distri¬ 
bution  but  does  demonstrate  the  presence  of  additional  TEj^g  com¬ 
ponent  by  virtue  of  the  greater  amplitude  and  period  length  varia¬ 
tion. 

PRIM/\RY  PATTERNS 

Radiation  patterns  of  the  waveguide  section  as  a  primary  feed 
for  a  reflector  are  taken  as  shown  in  Figure  2.  The  experimental 
patterns  agree  with  the  theory  of  the  Kltsuregawa  and  Tachlkawa 
paper.  For  a  simple  TE^g  modej  the  primary  radiation  pattern  has 
a  single  beam  directed  along  the  axis  of  the  waveguide.  For  the 
simple  TE2Q  mode,  there  are  two  beans,  with  the  null  along  the 
waveguide  axis.  When  both  modes  are  present  there  are  two  beams 
of  unequal  amplitude  and  the  null  is  not  along  the  waveguide  axis. 
SECONDARY  PATTERNS 

The  measurement  of  secondary  patterns  requires  a  special 
reflector  arrangement.  ’Jo’’mally  one  would  expect  to  place  the 
horn  of  the  feed  waveguide  at  the  focus  of  a  paraboloid.  In  the 
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present  case  this  Is  undesirable  because  the  waveguide  structure 
is  extensive  and  in  one  case  employs  two  cables  connected  to  the 
wide  sides  of  the  section.  The  resultant  aperture  blocking  can 
result  in  considerable  distortion  of  the  secondary  pattern. 

A  parabolic  cylinder  is  used  in  its  place.  This  enables  tl’ie 
feed  to  be  directed  into  the  cylinder  at  an  angle  r.o  that  the  major 
portion  of  the  reflected  energy  will  miss  the  feed  structure.  See 
Photo  5.  This  shows  the  feed,  the  parabolic  "'ylinder  and  the 
elevation  positioner  used  to  rotate  the  antenna  assembly  on  a 
horizontal  axis. 

Photo  3  shows  the  pattern  range,  including  the  horn  antenna 
for  a  remote  unit.  Photo  ^  shows  a  better  view  of  the  parabolic 
cylindei-  as  seen  from  the  roof  of  the  penthouse  used  to  mount  the 
remote  antenna.  This  photograph  includes  the  power  supply  and 
klystron  unit  under  the  condition  where  the  multimode  antenna  is 
used  as  a  transmitting  sources. 

The  parabolic  cylinder  is  designed  on  the  basis  of  a  10  db 
edge  illumination  ^rom  a  roughly  calculated  primary  pattern  shape. 
As  a  result  of  the  experimental  curves  of  Figure  2,  it  is  antici¬ 
pated  that  the  calculated  parabolic  aperture  may  be  too  large. 

For  this  reason  the  aperature  is  reduced  the  appropriate  degree 
by  covering  a  portion  of  the  extreme  edge,  on  both  s3aes,  with  a 
30  db  absorber  pad. 

Figure  3  shows  the  measured  secondary  patterns  for  the  TE, „ 

X  u 

mode  alone.  One  curve  is  for  the  entire  parabolic  cylinder  (wide 
reflector).  The  other  curve  is  for  the  condition  with  part  of 
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the  surface  covered  (narrow  reflector),.  Both  curves  indicate  the 
usual  narrow  beain  and  quite  low  side  lobes «  The  narrow  reflector 
exhibits  a  voider  main  beam  and  poorer  side  lobes  as  it  should. 

Figure  4  shows  the  measured  secondary  patterns  for  the  TE^q 
mode  alone „  Again  measurem.ents  are  made  with  both  sizes  of  re¬ 
flector,  These  patterns  exhibit  the  double-beam  shape  that  should 
be  expected,  except  that  the  null  is  not  as  deep  as  anticipated, 

A  subsequent  pattern  will  demonstrate  this  more  clearly.  Other¬ 
wise  the  comments  fcr  the  TE^q  mode  apply  here  also. 

Figure  5  shows  the  measured  secondary  patterns  for  the  con¬ 
dition  where  both  TE,  ^  and  TE,,^  modes  are  nresent,-,-  The  pattern  is 
v?hat  might  be  expected  from  a  consideration  of  the  primary  and 
secoridary  patterns  of  the  TE^q  and  TE2Q  cases. 

In  this  instance,  since  both  modes  are  contributing  to  the 
radiation,  it  is  appropriate  to  test  for  pattern  reciprocity.  For 
this  reason,  power  is  fed  into  the  dual  mode  waveguide  In  one  case 
and  into  the  remote  horn  antenna  for  the  other  case,.  The  agreement 
is  quite  satisfactory, 

ADDITIONAL  RECIrROCITY  TESTS 

It  is  deslreable  to  extend  the  reciprocity  tests  with  some 
mor'e  arrangements  than  can  be  more  convincing..  The  first  tests 
are  made  with  the  secondary  patterns,.  The  'waveguide  section  is 
fed  thru  a  coaxial  cable  which  is  matched  to  give  the  maximum  signal 


as  a  transmitter  by  means  of  a  double  stub  tuner.  Then  the  trans¬ 


mitter  source  and  crystal  detector  receiver  are  interchanged,  de¬ 
tuning  the  double  stub  tuner  until  the  lower  portion  of  the  pattern 


enters  the  noise  level  region  of  the  rovcording  system.  With  these 
secondary  pattern  tests,  the  detuning  necessary  is  not  a  large  * 
amount,  because  of  the  circuit  gain  loss  Introduced  by  the  use  of 
the  parabolic  cylinder  reflector. 

Two  conditions  are  tried.  In  the  first  case,  the  waveguide 
section  is  excited  by  the  TE^q  probe  and  one  TE2Q  probe,  with  a 
phase  shifter  in  the  cable  to  the  TE^q  probe.  The  comparison  curves 
are  shown  in  Figure  6.  Again  the  agreement  is  quite  satisfactory. 

In  the  second  case,  both  TE2g  probes  are  fed  and  the  TE^g  probe 
used  as  a  parasitic  element,  connecting  its  output  to  a  short-cir¬ 
cuited  second  double  stub  tuner.  These  comparisons  are  shewn  in 
Figure  7.  The  results  again  confirm  reciprocity. 

Additional  reciprocity  tests  are  also  performed  with  the 
primary  patterns.  In  this  case  it  is  possible  to  start  with  a 
much  higher  signal  level  at  the  receiver  in  the  first  step  and 
then  use  much  more  detuning  when  the  waveguide  section  is  used  as 
a  receiver.  Two  wide  divergent  are  made  and  the  comparisons  are 
shown  in  Figures  8  and  9*  Again  the  validity  of  reciprocity  seems 
to  be  indicated. 

A  final  test  for  reciprocity  is  made  by  means  of  the  feed 
distributions  in  the  waveguide  section.  In  this  case  a  rather 
unusual  characteristic  is  disclosed.  A  complete  description  will 
be  undertaken  following  a  note  on  a  final  set  of  pattern  tests. 

The  TE2Q  mode  primary  and  secondary  patterns  are  repeated. 

The  TE2Q  probes  are  fed  by  two  carefully  made  equal  length  cables,"^ 
The  balance  is  verified  by  means  of  transverse  field  distribution 
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test;;.  These  distribution  characteristics  will  be  discussed  at  some 
length  later.  The  results  are  indicated  in  Figure  10.  Note  that 
the  primary  pattern  has  a  very  sharp  deep  null  and  that  the  secondary 
pattern  has  a  similar  very  sharp  deep  null.  The  principal  Interest 
in  these  curves  is  to  confirm  experimentally  what  is  expected  from 
theoretical  considerations. 

MODAL  VARIATIONS  WITH  RECEIVED  SIGNAL 

As  indicated  above,  tests  to  prove  reciprocity  in  the  waveguide 
longitudinal  field  distribution  produce  a  rather  unusual  result. 

The  general  observation  is  made  that  this  field  distribution  during 
reception  of  a  signal  varies  widely  with  the  angle  of  arrival  and 
with  the  reflection  of  the  individual  modes  at  a  constant  arrival 
angle.  With  respect  to  the  angle  of  arrival,  it  is  found  that  in 
the  direction  of  the  waveguide  axis,  only  TE^q  excitation  is  pro¬ 
duced.  This  is  quite  natural  when  it  is  observed  that  the  TE^q 
mode  cannot  be  excited  from  a  plane  wave  impinging  on  the  waveguide 
mouth  at  this  angle. 

As  the  angle  from  the  axis  is  regularly  increased,  there  is 
a  progressive  improvement  in  the  ability  to  excite  the  TE^q  mode. 

That  is,  as  the  angle  Increases,  the  ratio  of  TE.-.^,  to  TE,  increases. 

Xu 

One  might  suspect  that  this  ratio  could  be  a  simple  function  so  that 
at  a  given  angle  the  relative  mode  levels  would  be  a  constant  value. 
In  an  attempt  to  discover  this  simple  relationship  it  is  found  that 
the  reflection  of  each  mode  makes  this  relationship  fail.  It  is 
a  matter  of  the  wave  impedance  presented  at  the  mouth  of  the  wave¬ 
guide  for  the  component  modes.  Some  experimental  evidence  will 
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clarify  both  types  of  field  distribution  variation. 

Figure  11  indicates  both  types  of  variation.  The  waveguide 
section  is  terminated  in  a  short  circuit  plunger,  because  this 
provides  the  only  reflection  coefficient  that  can  be  Introduced 
with  certainty  and  which  will  therefore  permit  a  comparison  with 
calculated  results.  In  order  to  assure  a  complete  reflection  froi 
the  plunger,  all  the  probes  are  removed.  The  signal  source  is  a 
simple  open-ended  waveguide  mounted  on  a  vertical  shaift  fitted  wll 
a  dial  plate.  The  physical  arrangement  is  shown  in  Photo  2. 

Figure  IIB  is  the  ease  where  the  reflections  are  kept  fixed 
and  the  arrival  angle  is  varied.  Note  that  there  is  a  steady  pro¬ 
gression  from  a  pure  mode  condition  to  more  and  more  TE20 
mode  content. 

.  Figure  llA  is  the  case  where  the  arrival  angle  is  kept  con¬ 
stant  at  20*  and  the  short  circuit  plunger  is  varied  In  position. 
This  produces  different  wave  Impedances  for  the  two  modes  at  the 
mouth  of  the  waveguide  and  also  varies  their  time  phase.  There 
is  no  particular  trend  because  the  steps  are  very  large,  but  a 
great  variety  of  forms  is  produced.  It  is  highly  desirable  that 
these  curve  shapes  be  correlated  with  calculated  results  In  order 
to  justify  the  origin  of  the  variations. 

For  the  correlation  refer  to  Figure  12.  Here  are  plotted 
curves  for  longitudinal  feed  distributions  for  four  time  phases, 

0®,  30*,  60®  and  90®  and  for  nine  relative  amounts  of  TE^^q  and  TE2j 
field.  The  curves  of  Figure  IIB  are  found  to  correspond  to  a  con¬ 
stant  time  phase  of  0®  and  with  relative  field  values  as  follows: 


8 


0®  angle  corresponds  to  TE2q/TEj^q«0.0,  10®  angle  corresponds  to 
TEjq/TEj^q-O.TS;  20®  angle  corresponds  to  TEj^q/TE2q"0.25;  35*  angle 
corresponds  to  halfway  between  TEj^q/TE2q"0.5  and  0.25  and  90®  angle 
corresponds  to  TEj^Q/TE2g-0.25. 

The  curves  of  llA  do  not  follow  a  constant  time  phase.  3/^" 
shorter  corresponds  to  90®  phase  and  TEj^g/TE2Q"0.75;  normal  corres¬ 
ponds  to  60®  phase  and  TEj^q/TE2q*0.75;  1  1/2"  longer  corresponds 
to  30®  phase  and  TEj^q/TE2q“0.5;  and  2  1/^  longer  corresponds  to 
0®  phase  and  TEj^g«TE2Q.  It  Is  entirely  possible  that  more  careful 
measurements  would  show  that  the  relative  amounts  of  TE^^g  and  TE2g 
Is  constant,  with  a  variation  only  In  time  phase. 

TRANSVERSE  DISTRIBUTION  STUDIES 

Transverse  field  distribution  measurements  are  another  way 
of  determining  the  relationship  between  the  TEj^g  and  TE2g  modes. 

A  series  of  calculated  curves  similar  those  for  the  longitudinal 
distribution  are  shown  In  Figure  13.  The  abscissa  values  are 
purposely  chosen  to  agree  with  specific  hole  positions  In  the  wave¬ 
guide  for  the  experimental  data  v»hlch  follows. 

Experimental  measurements  are  made  with  the  short  waveguide 
section  of  Photo  1C.  This  section  has  a  grid  of  holes  spaced  0.2" 
with  thirteen  holes  across  the  wide  face  of  the  waveguide  and  with 
thirty-five  of  these  rows.  Two  rows  of  the  holes  have  spaclngs 
of  0.1"  In  order  to  get  better  resolution  at  distances  from  the 
mouth  periodically  related  to  the  two  waveguide  wavelengths.  The 
experimental  results  are  given  In  Figure  14.  The  shifting  back 
and  forth  of  the  general  slope  of  the  curve  Is  due  to  the  rlow 
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Chang*  In  phase  of  the  TE2Q  component  which  makes  it  add  on  one 
side  and  subtract  on  the  other  with  a  progressive  change  along 
the  waveguide  length.  The  notches  at  the  center  correspond  to 
those  rows  where  the  TEj^q  standing  wave  component  Is  low.  At  row 
19  and  20  there  Is  a  low  level  contribution  from  both  modes.  Tbl 
Is  coordinated  with  a  deep  notch  In  the  longitudinal  field  dis¬ 
tribution.  It  Is  not  possible  to  solve  for  any  particular  value 
of  relative  and  TEgQ  fields,  buv-  the  presentations  Intend 

to  familiarize  the  reader  with  the  behavior  of  mode  distribution, 
variations. 

CONCLUSIONS 

Two  distinct  conclusions  may  be  drawn  from  the  results  of 
the  antenna  study. 

1.  Reciprocity  In  antenna  radiation  patterns,  while  not 
exactly  proven.  Is  a  quite  well  established  fact. 

2.  The  variation  of  modal  content  In  reception,  dependent 
on  the  angle  of  arrival  and  on  the  nature  of  the  receiving  end 
reflection.  Is  clearly  shown. 
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ABSTRACT 


A  perfectly  focuseing  parallel  plate  catenary  geodesic  lens  will 
be  derived.  Measured  Antenna  Patterns  will  be  presented  to  illustrate 
the  broad-band«  perfectly  focussing,  low  sidelobe  characteristics  of  the 
catenary  lens.  This  lens  is  capable  of  producing  a  phased  line  source, 
or  it  can  radiate  directly  from  the  catenary  curve.  In  the  latter  case, 
the  beamwidth  of  the  radiated  antenna  pattern  is  determined  by  the 
broadside  projected  aperture  in  one  plane  and  the  end-fire  projected 
aperture  in  the  other. 

Some  applications  of  the  lens  will  be  discussed:  e.g.,  it  lends 
itself  to  csc^  0  shaping  in  one  plane  and  a  narrow  beam  in  the  other 
plane.  One  may  also  take  advantage  of  the  natural  catenary  shape  of 
suspended  cables  to  implement  a  very  narrow  beam  lens. 

A  perfectly  focussing  parallel  plate  geodesic  lens  that  radiates 
from  a  generalized  convexed  cylinder  will  be  derived  and  discussed. 
This  particular  lens  is  useful  where  flush  mounting  is  required  on  a 
cylindrical  vehicle  and  where  radiation  is  desirable  directly  from  the 
lens  (that  is*  no  transmission  lines  or  array  elements  are  used). 

A  wide  angle  geodesic  lens  used  in  conjunction  with  a  serpentine 
delay  line  will  be  discussed.  The  application  here  is  to  form  a  multiple 
band-pass  output  high  Q  filter.  This  particular  combination  can  also 
be  used  fpr  a  chirping  -  dechirping  network,  ,  pseudo-noise  coding  of 
waveforms,  etc. 
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1.  FAMILY  OF  CATENARY  GEODESIC  LENSES 


Perfectly  focussing  true  time  delay  parallel  plate  geodesic  lenses 
find  application  in  many  areas;  e.g. ,  modern  radar  systems,  IFF 
aTitennas,  etc.  Of  particular  interest  are  those  lenses  that  are  devel¬ 
opable  whose  output  lies  along  a  straight  line  so  that  radiation  may  take 
place  directly  from  the  lens.  The  folded  parallel  plate  pillbox  is  an 
example  of  such  a  lens.  This  paper  describes  an  infinite  family  of 
geodesic  lenses,  all  of  which  have  the  mentioned  properties.  The 
folded  parabolic  pillbox  wUl  be  shown  to  be  a  special  case  of  a  general 
class  of  "catenary  geodesic  lenses. "  All  of  the  mexnbers  of  the  family 
are  parallel  plate  lenses  whose  mean  surface  is  formed  by  the  inter¬ 
section  of  a  catenary  cylinder  and  a  plane. 

Consider  Figure  1.  y  =  f(x)  expresses  an  arbitrary  right 
cylinder,  z  =  y  tan  0  expresses  a  plane  independent  of  x  and  going 
through  the  origin  (although  there  is  no  loss  in  generality  in  having  it 
go  through  the  origin)  that  cuts  the  cylinder  as  shown.  Point  "P"  is 
the  feed  point  located  at  (0,  0,  f).  The  y^  axis  is  defined  as  being  in 
the  plane  of  the  planar  cut. 


Z  AXIS  CYLINDER  y  «  f(x) 
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From  Figure  1,  equations  1  through  4  are  evident.  (For  equa* 
tionSf  see  Figure  S).  Since  the  cylinder  is  singly  curved  (developable), 
consider  the  lens  to  be  developed,  yielding  Uie  geometry  as  shown  in 
Figure  2.  in  the  developed  case,  all  geodesics  become  straight  lines, 
thereby  making  analysis  simple. 

From  Fermat's  principle,  the  total  path  length  of  any  ray  from 
the  feed  point  "P"  to  the  aperture  (at  =  y2Q  is  a  constant,  for  perfect 
focussing.  Equations  5  and  6  are  easily  seen  from  Figure  2;  hence, 
equation  7  follows  from  Fermat's  principle  and  equations  5  and  6. 


y 


Figure  Geometry  of  the  Developed  Lens 
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The  conetant  in  equation  7  is  obviously  f  -i*  Equation  8  then 

follows.  Differentiation  of  equation  8  with  respect  to  x  gives  equation 
9.  Equation  10  follows  fronn  differentiation  of  equation  3.  Equating 
equations  9  and  10  and  using  equations  1  and  2  yield  equation  11.  Inte¬ 
grating  equation  1 1  and  conditioning  the  solution  to  pass  through  the 
origin  gives  the  solution  of  the  cylinder  (equation  13).  s(s)  then 
becomes  the  hyperbola  by  substitution  (equation  16). 

Thus,  for  every  5 (or  8),  there  is  a  catenary  cylinder  yielding  a 
perfectly  focussing  lens.  The  folded  parabolic  pillbox  is  the  end-point 
special  case  solution  corresponding  to  8  =  v/2,  or  8  =«.  By  taking  the 
limit  of  the  solution  as  aoone  obtains  the  results  given  by  equations 
14  and  15.  In  this  case  the  developed  and  planar  portion  of  the  lens 
approach  one  in  the  same  parabola,  and  tlie  lens  folds  back  upon  itself, 
giving  the  folded  parabolic  pillbox  as  a  special  case. 

Figure  3  shows  a  graph  illustrating  the  amplitude  transformation 
functions  of  the  family:  e.  g. ,  p(x}  =  p  (9)  d9/dx,  where  p  (9)  is  the 
power  pattern  of  the  feed  andi  x  is  the  aperture  variable.  The  curves 
show  a  pronounced  inflection  point  and  pedestal  effect  that  may  be 
desirable  for  low  sidelobe  distributions. 

It  should  be  noted  that  radiation  could  occur  at  essentially  the 
intersection,  if  one  chooses.  This  would  give  the  same  antenna  pattern 
in  the  xy2  plane,  but  would  harrow  the  beamwidth  in  the  y*  plane  in 
accordance  with  the  end-fire  law.  Figure  4  shows  a  sketch  of  this  con¬ 
figuration  with  extraneous  tin  removed  and  inverted  relative  to  Figure  1. 
It  is  perhaps  worthwhile  mentioning  that,  in  general,  the  catenary  more 
closely  resembles  a  circle  than  does  a  parabola;  therefore,  one  would 
expect  the  catenary  lens  to  be  capable  of  slightly  more  scan  than  the 
parabola.  The  degree  of  difference  in  scan  capability  has  not  been 
established. 

EXPERIMENTAL  RESULTS 

The  catenary  lens  corresponding  to  the  8  =  0  solution  was  built 
and  tested.  The  f/D  ratio  was  .  5,  the  aperture  5  feet,  and  the  frequency 
X  band.  Figure  6  shows  a  photograph  of  this  model.  Figure  7  shows 

the  sum  and  difference  patterns  at  9  kmc.  The  sum  pattern  was  scanned 
12.5  beamwidths  from  broadside  without  appreciable  degradation.  No 
attempt  was  made  to  scan  beyond  this  value.  Figure  8  shows  a  frequency 
ran  using  a  less  directive  feed  (standard  width  X  band  waveguide).  These 
patterns  illustrate  the  broad  band  capability  of  the  family  of  lenses. 
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I*ifure  3.  F«cd  Pattern  to  Aperture  Dietribution  Transformation 
Functions  for  Perfectly  Focussing  Catenary  Geodesic  Antennas 
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igure  6.  Experimental  Mooel  of  the  Right-Angle  Catenary  Geofiesic  Eens 
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Figure  8.  Antenna  Patterns  Illustrating  Broadband 
Capability  of  Experimental  Model 


II.  PERFECTIY  FOCUSSING  CONFORMAL  GEODESIC 
LENSES  RADIATING  FROM  CURVED  SURFACES 

There  are  some  applications  where  it  is  necessary  to  radiate  or 
receive  electromagnetic  energy  from  a  curved  surface,  where  the 
antenna  must  conform  to  some  particular  shape,  i,  e.  ,  it  must  be  flush 
mounted.  The  reasons  for  requiring  this  may  be  aerodynamic,  mini¬ 
mum  volume,  etc.  The  shape  of  the  mounting  structure  may  be  cylin¬ 
drical,  conical,  etc. 

It  is  the  purpose  of  this  paper  to  derive  and  describe  a  parallel 
plate  geodesic  lens  where  radiation  occurs  from  a  generalized  curved 
surface.  The  technique  holds  for  almost  any  surface  of  interest, 
provided  the  surface  is  developable.  However,  the  case  given  here 
applies  orUy  to  cylinders. 

Consider  Figure  9  to  represent  a  portion  of  a  generalized  curved 
surface  (such  as  a  vehicle  surface,  for  example)  and  let  the  arc  PQ 
represent  the  desired  arc  from  which  radiation  occurs.  It  is  assumed 
that  radiation  occurs  normal  to  the  axis  of  the  cylinder. 


RADIATED  RAY 


1 1 


Shown  cross  hatched  is  the  mean  surface  cf  a  flush  mounted 
parallel  plate  geodesic  lens.  The  lens  uses  both  a  reflector  and  the 
curvature  of  the  arc  pjj  in  order  to  form  an  in-phase  condition  in  the  # 

direction  of  the  desired  main  beam.  The  lens  may  folded  or  not  folded, 
depending  upon  feed  blockage  criteria.  The  lens  to  be  derived  is  per¬ 
fectly  focussing;  however,  scanning  may  be  performed  to  some  extent 
by  feed  movement.,  Monopulse  may  be  achieved  by  using  two  feeds. 

Let  the  arc  be  given,  and  defined  by 

S  =  S  (a)  (See  I'igure  10)  ^17) 

where  S  a  arc  length  and  a  is  the  angle  that  the  normal  makes  with  the 
vertical, as  shown. 


Let  the  lens  be  developed  or  flattened  out  as  shown  in  Figure  11. 

The  path  of  a  typical  ray  leaving  a  feed  at  point  F  is  shown  as 
FRAA'.  "R"  is  the  point  on  the  reflector.  Points  A  and  A'  will 
become  common  when  the  lens  is  not  developed;  i.  e.  ,  points  A  and  A' 
will  touch. 
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Figure  11.  Geometry  Defining  Symbols  Used  in  Lens  Derivation 


From  Figure  11  it  can  be  seen  that  (18)  follows: 
S(a)  =  x(a)  -y(a)  tana 


Now,  the  condition  for  perfect  focusing  is  conditioned  by  (19) 

~  constant 

The  following  relations  can  be  easily  obtained: 


X  (a)  +  y  (a) 
y  {  a)  sec  a 


f 


The  constant  in  equation  (19)  is  easily  seen  to  be  (The  path 

via  the  vertex  of  the  reflector  is  used  to  arrive  at  this  constant. ) 

y2  (X2).  Then  it 


(22) 


(23) 


(24) 

Differentiating  (24)  with  respect  to  the  upper  limit  yields: 
dS 

“T  =  CSC  a  (25) 

d/3 

Hence, 

S(«) 

L  =  J  sin  «  dS  (a)  (26) 

0 

Equation  (19)  now  becomes,  by  substituting  (20),  (21),  and  (26): 

r~2  2 

yx  (a)  +  y  (a)  +  y  (a)  seca  +  J  sina  dS  (a)  =  2yg  (27) 

0 

Now  solving  (18)  for  x  (a)  and  substituting  this  into  (27)  gives  an 
equation  that  can  be  explicitly  solved  for  y  (a).  Then,  substituting  this 
explicit  form  of  y  (a  )  into  (18)  gives  an  equation  that  is  explicitly 
soluble  for  x  (a).  Hence,  the  reflector  shape  is  known  in  parametric 
form,  X  (a  )  and  y  (  a ). 


Let  the  arc  PQ  be  expressed  ir  terms  of  y2  = 
follows  that: 

®  ’  i  /*  *  ‘*''2 

dyz 

but  T"  can  be  seen  to  be: 
dx2 


Hence  (22)  becomes,  by  substitution  of  (23): 


0 
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If  radiation  were  desired  from  the  concaved  side  (rather  than  the 
convexed  side)  the  same  technique  for  deriving  the  reflector  shape 
can  be  used. 
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RADIATED  RAY 


'igure  IZ.  Geometry  of  Lens  Using  a  Circular  Cylinder  as  ah  Example 


ill.  OPTICAL  FILTER 


The  following  is  a  brief  description  of  an  optical  filter  that  is 
extremely  simple  in  design  and  has  some  advantages  over  filters  now 
available  as  shelf  items.  These  advantages  will  be  discussed  after  a 
description  of  the  optical  filter. 

Consider  any  multiple  beam  forming  true -time -delay  device 
that  has  a  fixed  straight  line  aperture  whose  amplitude  distribution 
at  its  aperture  remains  an  even  function  (about  the  aperture  center) 
for  all  beam  positions.  There  are  many  such  devices  that  fit  in  this 
category.  To  list  a  few:  the  Myers -Chu  Figure  of  revolution  geo¬ 
desic  parallel  plate  lens  with  multiple  feeds,  the  circular  folded  pillbox 
with  multiple  feeds,  a  flat  parallel  place  lens  using  a  semicircular 
dielectric  between  plates  with  multiple  feeds,  and  the  Maxson  tilt 
end-fed  traveling  wave  array  operating  in  the  TEM  mode  (the  velocity 
of  propagation  in  the  TEM  mode  is  not  a  function  of  frequency)  .  Now 
consider  an  end-fed  frequency -scanning  line  source  to  be  placed  at 
the  straight  line  output  aperture  of  the  multiple -beam -forming  device. 
(Again,  there  are  many  ways  in  which  an  end-fed  frequency-scanning 
line  source  can  be  implemented;  e.  g. ,  a  serpentine  stripline,  coax, 
or  waveguide,  a  helix  operating  in  the  TEM  or  TEjq  mode,  etc. 
Couplers  do  not  have  to  be  directional  in  principle;  however,  for  the 
purposes  of  this  analysis,  it  will  be  assumed  that  the  couplers  are 
directional  ).  Schematically,  the  filter  under  discussion  is  shown  in 
Figure  13. 

The  device  operates  as  follows:  The  input  signal  contains  a  wide 
band  of  frequencies.  The  frequency-scanning  delay  line  produces 
different  phase  gradients  at  the  elements  for  different  frequency  com¬ 
ponents.  Each  frequency  is  focused  to  a  different  place  along  the 
feed  locus  of  the  multiple  beam  device;  hence,  each  multiple  feed 
along  the  feed  locus  will  pick  up  a  narrow  band  of  frequencies  and 
reject  others. 

The  simplest  way  to  analyze  the  device  is  to  derive  the  transfer 
function  between  the  nth  feed  (a  typical  feed)  and  the  input  -  then  by 
the  reciprocity  theorem,  this  will  also  represent  the  transfer  function 
between  the  input  and  the  nth  feed.  If  a  Dirac  delta  function  S  (t)  is 
transmitted  out  of  the  nth  feed,  the  Fourier  Transform  of  the  response 
at  the  ’  input"  represents  the  transfer  function,  F*?(j<i>),  between  the 
input  and  the  nth  feed.  Assume  that  the  multiple  beam  forming  device 
is  perfectly  focusing;  i.  e.  ,  it  produces  a  tilted  plane  wave  (the  angle  of 


STRAIGHT  UNE. APERTURE 
OF  THE  multiple  BEAM 
DEVICE 


ALONG  A  STRAIGHT  LINE) 


Figure  13.  Schematic  of  the  Optical  Filter 
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tilt,  0,  of  the  plane  wave  is  dependent  upon  which  feed,  of  the  N  total 
feeds,  is  under  consideration)  at  the  frequency -scanning  aperture. 
Schematically  this  situation  is  shown  in  Figure  14. 

Now,  the  power  pattern  produced  by  the  nth  feed  p(0)  produces 
an  amplitude  distribution  at  the  frequency -scanning  aperture.  Define 
the  amplitude  distribution  produced  by  the  nth  feed  at  the  frequency 
scanning  aperture  as  Am*  conductance  distribution  of  the  serpentine 

feed  also  produces  an  amplitude  distribution;  define  this  amplitude 
distribution  as  B^.  Hence,  the  response  at  the  "input"  terminal, 
f^(t),  to  the 5  (t)  from  the  nth  feed  may  be  written:* 


AVA 

...-I 


.n  _  * 

A  B  S 
m  m 


(M-m)dsinO 


ms 

V2 


*Rigorously  speaking,  the  results  apply  exactly  only  if  a  TEM  delay 
line  (snake)  is  used;  however,  for  practical  purposes,  the  results 
apply  also  to  NON-TEM  mode  delay  lines. 
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RADIATES"^ 
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Figure  14.  Geometry  of  the  Filter 


where 


d  s  interelement  spacing  of  serpentine  elements 

0  =  angle  measured  from  the  serpentine  array  normal  positive 
toward  the  load  end 

VI  =  phase  velocity  of  the  propagated  wave  from  the  feeds  to 
the  serpentine  delay  line 

V2  =  phase  velocity  of  the  serpentine  delay  line 

s  =  distance  between  elements  on  the  serpentine  delay  line  via 
the  snake  path 

tg  =  time  required  for  a  ray  to  propagate  from  the  nth  feed  to 
the  Mth  element  on  the  snake 

Hence,  the  transfer  function  between  the  nth  feed  and  the  "input"  is 
as  follows: 


M 


-j  o>(t  +  — '  + 

a“b  e  ° 
m  m 

m=l 


MdsinO  ms  mdsinO 


V2 


^1 


or 


.  MdsinO  .  -  • _ ./dsir 

F"(j4.)  =  a"  B 

I  .  *  .  m  m 


dsinO  s 


m=l 


.  MdsinO . 

•  (t  ^  ) 

The  phase  term  e  o'  vj  will  be  dropped,  leaving: 


M 

F*!(jci>)  =  \  a”  B  t 
i  "'  /  m  m 

m=i 


dsinO  s  , 
^  vi  ■  V2  ' 


or  in  another  form 
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where 


Al 

the  propagation  constant  in  the  multiple  beam-forming 
1  device 

I 

61 

k,  =  — the  propagation  constant  in  the  serpentine  delay  line. 

V2 

F"(k)  can  be  recognized  as  the  expression  for  the  far  field  pattern  of 
the  serpentine  snake  with  an  amplitude  distribution  of  (rather 

than  B^)  at  an  angular  frequency  o  and  using  a  "wrap-up  factor  of 
however,  the  variable  of  interest  in  our  case  is  &> ,  not  sin  0.  So  the 

transfer  function  F'^(j  |  that  is,  the  amplitude  response  vs.  fre¬ 

quency!  resembles  the  previously  mentioned  antenna  pattern  closely. 
As  a  matter  of  fact,  in  the  case  where  k2  is  proportional  to  kj  the 
shape  of  the  transfer  function  is  the  same  as  the  shape  of  the  antenna 
pattern  mentioned.  .  In  the  case  where  k2  is  not  proportional  to  kj  (as 
is  the  case  when  a  TEM  mode  multiple  beam  forming  device  is  used  in 
conjunction  with  a  non-TEM  mode  dqlay  line)  the  analogy  is  not  quite 
so  simple.  Even  in  this  case,  how<dver,  the  antenna  pattern  mentioned 
will  closely  resemble  the  transfer  function. 

It  is  of  interest  to  note  that  all  M  elements  of  tlie  serpentine 
delay  line  are  used  simultaneously  for  all  N  output  ports  of  the  filter; 
thus,  the  "Q"  of  filter  is  high  for  all  output  ports.  This  is  one  advan¬ 
tage  of  this  filter  technique.  Low  side-lobes  can  be  achieved  in  the 

transfer  function  by  designing  the  product  n  to  be  tapered.  The 

A  B 

n  mm 

taper  of  the  factor  can  be  increased  by  using  a  more  directive 
feed  at  the  nth  port.  The  taper  of  the  factor  B^^  can  be  controlled  by 
appropriate  conductance  design  in  the  snake  delay  line.  Another  point 
of  interest  is  the  fact  that  the  product  can  be  made  virtually 

independent  of  n;  that  is,  the  shape  of  the  transfer  function  can  be  made 
to  be  the  same  for  all  output  ports  of  the  filter;  however,  the  bandwidth 
increases  and  the  gain  decreases  for  output  ports  away  from  the  broad¬ 
side  case  (in  such  a  fashion  that  the  gain -bandwidth  product  remains 
constant).  The  way  in  which  one  can  implement  the  independence  of 
^  i*ic*’ease  (in  a  stcO  fashion)  the  output  feed  sizes  as 

the  port  progresses  from  the  broadside  case  to  the  extreme  scan  case. 
Sinco  the  gain-bandwidth  product  remains  constant  for  all  output  ports 
(it  is  assumed  that  losses  incurred  are  not  dependent  upon  n)  it  can  be 
seen  that,  in  order  to  make  A^B^^  independent  of  n,  the  gain  will 
decrease  as  cosO,  hence,  the  bandwidth  will  increase  as  secO. 


^l 


If  a  constant  bandwidth  is  desired  from  all  output  ports,  a  con- 
stand  gab.  will  also  exist  at  all  ports.  This  can  be  achieved  only  if  the 
gain  factor  for  the  amplitude  distribution  increases  as  sec  $  {0 

is  a  function  of  n).  This  condition  can  be  met,  or  at  least  approximated 
by  decreasing  the  feed  sizes  away  from  broadside.  Of  course,  the  side 
lobe  levels  of  the  transfer  function  will  increase  as  the  port  is  farther 
removed  from  broadside. 

An  experimental  model  is  presently  being  built;  however,  meas¬ 
ured  results  are  not  yet  available. 
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HI  GAIN  ANTENNAS 


A  SURVEY  OF  SIDE  LOBE  OPTIMIZATION,  SUPPRESSION 
AND  CANCELLATION  TECHNIQUES 
By 

John  B.  Damonte 

Datmo  Victor  Company,  Belmont,  California 
1-0  INTRODUCTION 

The  purpose  of  this  paper  is  to  describe  some  of  the  techniques 
that  are  available  for  designing  low  side  lobe  antennas.  The  term 
"low  side  lobes"  is  a  relative  term  without  much  meamng  unless  it 
is  particularized.  For  the  sake  of  clarity,  the  discussion  that 
follows  will  be  iii  terms  of  an  equally  spaced,  ten  element,  linear 
array  of  identical  elements.  For  half  wavelength  element  spacing, 
and  broadside  operation,  the  absolute  gain  of  such  an  array  is  of 
the  order  of  1C  Jl,  ....J  "low  side  lobes"  are  defined  to  be  of  the 
order  of  -30  db  relative  to  the  rnain  lobe  peak. 

Our  goal  will  be  to  develop  designs  that  optimize  the  side  lobe  per¬ 
formance  without  unduly  compromising  the  absolute  gain  or  the 
beamwidth.  Given  the  ten  element  array  described  above,  there 
are  three  basic  approaches  that  one  can  take  in  designing  a  low 
side  lobe  antenna  system: 

1.  Side  lobe  optimization 

2.  Side  lobe  suppression 

3.  Side  lobe  cancellation 

Side  lobe  optimization  defines  the  approach  which  utilizes  conven- 

tional  design  technique s  to  extract  a  low  side  lobe  design  consistent 
with  good  gain  and  beamwidth  performance.  It  implies  the  best  or 
most  favorable  tradeoff  between  side  lobe  level,  gain  and  beamwidth. 
These  techniques  are  briefly  described  in  Section  2.0. 

Side  lobe  suppression  defines  an  approach  which  starts  with  an 
"optimized  design"  and  applies  unconventional  design  techniques  to 
further  reduce  the  apparent  side  lobe  level.  It  implies  an  antenna 
system  that  forces  the  inherent  side  lobe  level  to  appear  as  a  lower 
side  lobe  level  or  suppresses  side  lobes  at  the  antenna  terminals. 
These  techniques  are  discussed  in  Section  3.0. 

Side  lobe  cancellation  defines  an  approach  which  utilize  s  an  antenna 
whose  side  lobes  have  been  optimized  and  suppressed  to  the  extent 
that  is  possible,  and  then  applies  various  means  to  the  system  to 
cancel,  nullify  or  compensate  for  the  effects  of  the  side  lobes.  These 
techniques  are.  discussed  in  Section  4.  0. 

On  the  basis  of  these  assumptions  and  definitions,  let  us  now  review 
these  approaches  in  detail  to  see  what  sort  of  latitude  they  offer  the 
antenna  designer. 


SICC  LOBE  OPTIMIZATION 


We  have  defined  side  lobe  optimization  to  mean  the  moet  favorable 
tradeoff  between  side  lobee,  gain  and  beamwidth.  For  any  particu 
design,  there  are  a  limited  number  of  parameters  available  to  the 
designer  to  optimize  the  pattern  performance.  For  an  eqxially 
spaced, ten  element,  linear  array  of  identical  elements  with  \qIZ 
spacing,  the  general  expression  1>  ^  for  the  voltage  radiation 
pattern  may  be  written  as: 

n- 1 

£(64)  a  Eoi(04) 

i  =0 

where  af  a  complex  feeding  coefficient  of  the  i^^ 

element 


011  4  -  usual  polar  and  equatorial  pattern  angles 


For  this  particular  array,  equation  (2.  1)  can  be  written  as: 


E(64)  =  Eo(e4)  ^ 


For  the  moment  we  will  assume  that  the  element  patterns  Eq(64) 
are  isotropic  and  that  the  element  spacing  s  and  the  wavelength 
Kg  have  been  predetermined  and  are  fixed.  This  leaves  only  the 
feeding  coefficients  aj  as  design  variables. 


The  feeding  coefficients  >  a^  define  the  amplitude  and  phase  of  the 
energy  fed  to  each  of  the  array  elements.  Generally,  the  phase 
is  held  constant  frorh  element  to  element  since  such  a  phase  distri> 
bution  provides  a  pattern  with  the  highest  gain  and  the  narrowest 
beamwidth  for  a  given  amplitude  distribution.  The  choice  of  array 
amplitude  distribution  is  a  tradeoff  between  beamwidth,  gain  and 
side  lobe  level.  Two  "optimum"  amplitude  distributions  for  arrays 
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are  the  Dolph-Tchebyscheff  /  '  and  the  Taylor  ''  distributions 
The  Dolph-Tchebyscheff  distribution  will  Se  applied  to  this  array. 

It  provides  the  narrowest  null  beamwidth  for  a  given  level  of  equal 
side  lobes.  Curves  showing  how  the  gain  and  beamwidth  vary  as  a 
function  of  side  lobe  level  are  presented  in  Figures  1.  1  and  Z.  Z. 
Using  these  curves  and  the  feeding  coefficient  tables  the  designe 
can  quickly  develop  a  design  whicn  is  optimum  for  his  particular 
needs  in  terms  oi  side  lobes,  beamwidth  and  gain. 


Although  it  is  possible  to  design  an  antenna  for  very  low  side  lobes 
realizing  such  performance  may  be  quite  another  story.  As  the 
design  side  lobe  level  becomes  very  small,  the  requirement  on 
tolerances  becomes  pron.hitive.  Analyses  1 1  ■■  1  ^  and  measure¬ 
ments  o\er  the  years  indicate  that  with  reasonable  -  but  not 
excess’’,  e  -  care,  one  may  realize  the  side  lobe  performance 
shown  in  Table  I. 


TABLE  I  -  DESIGN  VS  MEASURED  SIDE  LOBE  LEVEL 


D-T  Design 

Side  Lobe  Level 

Measured 

Side  Lobe  Level 

i 

'  !• 

1 

— 1- 

Difference 

•  ZO  db 

-  19  db 

1 

1  db 

-30  db 

-26  db 

1 

1 

4  db 

-40  db 

-32  db 

1 

8  db 

In  addition  to  the  tolerances  on  the  feeding  coefficients,  dielectric 
and  metallic  obstructions  in  the  vicinity  of  the  radiators  tend  to 
distort  the  ideal  distributions  so  that  the  design  performance  is 
not  realized. 

In  an  actual  design,  the  array  elements  will  con.sist  of  horns, 
dipoles,  endfire  arrays,  etc.  Although  the  element  patterns  are 
assumed  to  be  identical,  they  often  are  not  -  due  tc  mechanical 
arrangement  and  mutual  coupling.  Referring  to  equation  {Z.  1), 
it  can' be  seen  that  this  has  the  effect  of  modifying  the  feeding 
coefficient  and  therefore  the  array  distribu':ion  as  a  function  of 
the  pattern  angle.  In  some  cases,  this  effect  can  actually  be  used 
to  advantage  to  develop  an  antenna  with  very  low  side  lobes. 
Consider,  for  example  a  10  element  array  of  horns  whose  out¬ 
board  elem  ents  have  pattern ;;  "ii.nt  are  narrower  than  the  central 
elements  for  angles  near  the  main  lobe  and  patterns  that  are 


broader  for  large  angles,  as  shown  in  Figure  2.  3.  If  the  array 
feeding  coefficients  are  initially  adjusted  for  an  ideal  Dolph- 
Tchebyscheff  distribution  at  broadside,  the  "near-in"  side  lobes 
will  be  generated  by  an  array  with  greater  than  the  "design" 
araplitude  taper.  The  "far-out"  side  lobes  will  be  generated  by  an 
array  with  less  than  the  design  taper  --  however,  at  these  angles 
the  element  pattern  directivity  tends  to  reduce  the  side  lobes 
below  the  array  design  level.  To  optimize  this  design  approach,  t 
elements  should  be  chosen  to  meet  the  condition  that: 


Desired  Side  Lobe  Level  =  Modified  "Design"  Level 

+  Drop  in  Element  Gain 

Although  the  element  spacing  chosen  for  our  array  {\q/ Z)  will 
not  give  rise  to  grating  lobes,  it  is  not  uncommon  to  use  element 
spacings  of  approximately  one  wavelength  where  grating  lobes 
do  become  a  problem  in  low  side  lobe  arrays.  Depending  on  the 
element  spacing  and  the  design  side  lobe  level,  it  can  be  shown  tha 
grating  lobes  can  be  reduced  to  reasonable  levels  without  material 
affecting  gain  or  beamwidth  by  slightly  perturbing  the  element, 
spacing  so  that  the  array  becomes  an  unequally  spaced  array.  In 
addition  to  reducing  the  effects  of  grating  lobes,  unequal  element 
spacing  can  be  used  as  a  form  of  amplitude  tapering  -  called  space 
tapering  _  to  realize  excellent  side  lobe  performance  for 
electronic  scanning  applications. 


3.  0  SIDE  LOBE  SUPPRESSION 

3.  1  The  Mattingly  Approach 

Having  optimized  the  side  lobes  by  conventional  means,  one  now  ^ 
asks  "  what  can  be  done  to  luppress  the  side  lobes?".  Mattingly 
recently  pointed  out  the  Dolph-Tchebyscheff  design  of  linear  array 
is  optimum  only  for  one  way  patterns.  Recall  that  for  an  array 
of  (n+1)  elements,  the  Dolph-Tchebyscheff  design  sets  the  voltage 
array  factor  E(b)  equal  to  the  Tchebyscheff  polynomial  of  degree 


E(e)  =  Tn 

For  the  radar  case  where  the  same  antenna  is  used  for  transmissii 
and  reception,  the  round  trip  pattern  Ei^j(9)  is  given  by 
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Erx(0)  s  ET(e)  .  Er(0)  =  (T„)* 

(Tn)’  is  a  polynomial  of  degree  Zn,  but  note  that  it  is  not  equal 
to  a  Tchebyscheff  polynomial  of  the  same  degree  (T2n)* 

(Tn)‘  ^  Tzn 

Therefore,  the  round  trip  pattern  of  such  an  antenna  does  not 
represent  the  optimum  relationship  between  null  beamwidth  and 
equal  level  side  lobes.  Fortunately,  (T^h)  expressed  in 

terms  of  (T^)^  as  follows: 

T2„  .  2(T„)*  -  1 

and 

VT  VT 

T2„  =  2  |t„+  y 

The  round  trip  pattern  can  now  be  expressed  as 

Ert(9>  =  2  j.  T„  -'^  ]=  Tin 

Comparing  equation  (3.  6)  with  (3.  2)  we  can  define  transmit  and 
receive  patterns  as  follows: 

£^(6)  =  VI  Tc  +  ^  j 


In  order  to  realize  a  round  trip  pattern  that  is  a  Tchebyscheff 
polynomial  of  degree  2n  we  must  use  different  patterns  for  trar 
mit  and  receive.  Equations  (3.  7)  and  (3.  8)  indicate  that  the  new 
antenna  is  simply  the  original  Dolph-Tchebyscheff  array,  whose 
pattern  is  given  by  T^,  plus  an  omnidirectional  antenna  with  a 
relative  pattern  level  of  0.  707.  The  omnidirectional  antenna  is 
combined  with  the  main  antenna  in  phase  addition  on  transmissio 
and  in  phase  opposition  on  reception.  A  schematic  of  such  a 
system  is  shown  in  Figure  3.  1.  For  an  array  with  an  odd  numbe 
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of  elonents,  the  auxiliary  antenna  can  be  combined  with  the 
center  element. 

For  a  ten  element  array  with  \q/Z  element  spacing  and  Tn 
designed  for  -27  db  side  lobes.  Figure  3.  2  shows  a  plot  of  voltage 
pattern  Tq  together  with  the  omnidirectional  patterns  +0.707 
and  -0.707.  The  combined  Dolph-Tchebyscheff  and  omni  patterns 
for  transmit  and  receive  are  shown  in  Figure  3.  3.  The  transmit 
and  receive  patterns  are  then  combined  to  yield  the  round  trip 
pattern  T22^  as  shown  in  Fisure  3.4.  Also  shown  in  this  plot  is 
the  unoptimixed  pattern  (Tnr  .  The  major  differences  between 
the  two  patterns  are: 

a.  (‘^2n)  side  lobes  6  db  lower  than  (Tj^)^ 

b.  (T2„)has  a  null  beamwidth  approximately  10% 

narrower  than  (T^)* 

n 

c.  C^Zn)  bas  twice  as  many  side  lobes  as  (Tj^)‘ 

d.  The  one  way  side  lobes  associated  with  (T2n) 
are  3  db  higher  than  (Tj^) 

The  fact  that  (T2n)  bas  twice  as  many  nulls  as  (Tj^)^  is  evident 
when  one  studies  Figure  3.  3.  The  purpose  of  the  auxiliary  antenna 
is  to  bias  the  (T,^)  pattern  plus  and  minus  so  as  to  double  the  number 
ol  nulls  and  to  pqsition  the  nulls  so  that  on  pattern  multiplication 
[Ex(9)  •  £{^(0)  I  the  resulting  side  lobes  will  be  suppressed.  This 
ir  really  the  key'^to  how  this  suppression  scheme  operates.  It  should 
be  obvious  that  this  approach  works  equally  well  with  other  than 
Dolph-Tchebyscheff  arrays.  For  antennas  with  tapered  side  lobe 
distributions,  one  simply  employs  an  auxiliary  antenna  with  a 
tapered  pattern. 

There  is  still  a  question  of  absolute  gain  to  be  answered.  For  the 
ten  element  array  described  above,  the  one  way  absolute  gain 
was  computed  for  each  of  the  three  patterns  as  follows; 


£(6)  =  T„ 
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—  detarfifj: 


*(•)  •Ta*  0.  707 


*(»)  •  Ta  -  0.  707 


Curves  shewing  how  these  figures  vary  as  a  funetiok  of  the  desigi 
side  lobe  level  of  Ta  ax’*  plotted  in  Figure  3.  5.  Also  plotted  in 
this  figure  ars  the  two-way  gains  for  (Tn)‘  and  (T2a)  computed 
as  follows: 


*RT<*>  •  ‘Tn)*  Cm  Om,]' 
EUtW  •  (T2n>  •  Gmj  *  Gmj 


For  a  design  iide  lobe  level  of  -25  db,  the  two  way  gain  for  (Tq)^ 
is  0. 1  db  higher  than  that  for  T2a«  higher  values  of  design 
side  lobes,  the  gain  for  the  two  sysiems  is  essentially  the  same. 
The  division  of  power  between  the  main  antenna  P|^  and  the 
auxiliary  antenna  can  be  determined  by  pattern  integration. 

There  are  several  variations  of  this  approach  which  are  worth  cot 
sidering.  In  the  process  of  optimising  the  two-way  pattern,  the 
null  beamwidth  of  (T2||)  can  be  set  equal  to  that  of  (T  )* .  In 
this  case  the  round  trip  side  lobe  improvement  is  9  -  it  db  rather 
than  6  db  depending  on  the  original  design  side  lobe  level,  as  showi 
in  Figure  3.  6.  This  is  due  to  the  fact  that  the  initial  (T^)  can  ha> 
a  slightly  broader  null  beamwidth  - — -  and  thus  a  lower  initial  side 
lobe  level.  In  this  process,  the  3  db  and  10  db  beamwidths  of  this 
new  (T2n)  oiay  be  slightly  broader  than  the  original  (Tq)*  depen¬ 
ding  on  the  side  lobe  level. 

Another  variation  would  utilize  an  auxiliary  antenna  whose  relative 
voltage  level  is  something  other  than  0.  707.  The  plot  in  Figure  3. 
indicates  that,  for  the  initial  type  of  optimization,  a  maximum  side 
lobe  suppression  of  6  db  is  realized  for  an  auxiliary  antenna  level 
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of  0.  707,  falling  off  aa  this  value  increases  or  decreases  from 
0.  707.  This  curve  can  be  used  to  estimate  the  effects  of  main 
antenna  and  auxiliary  antenna  pattern  deviations  from  the  ideal. 

Although  the  Mattingly  system  offers  a  side  lobe  suppression  of 
6  •  10  db  round  trip,  there  are  several  questions  that  need  ansui 

1.  What  happens  to  the  side  lobe  suppression  capability 
if  the  relative  phase  between  the  main  and  auxiliary 
antennas  is  something  other  than  0  and  77  ? 

2.  What  is  the  best  way  of  implementing  the  auxiliary 
antenna? 

The  answers  to  both  of  the  questions  depend  on  the  particular 
design  and  application. 


The  MacPhie  Approach 

16  18 

In  reviewing  Mattingly's  work  ,  MacPhie  indicated  that  evei 
though  the  terminal  voltage  of  the  antenna  is  of  the  form 


=  ‘‘l 


The  square<4aw  defector  employed  with  many  receiving  systems 
generates  a  system  output  of  the  form 

^RT  =  ^2 

This  is  a  polynomial  of  degree  4n  biit  it  is  not  the  Tchebyscheff 
polynomial  of  degree  4n 

'Tzn'*  ^ 

The  ideal  system  output  should  have  the  form 


c 


MacPhie  describes  a  two-frequency,  cross  correlation  type  of 
radar  system  which  develops  this  optimum  system  output.  In 
essence,  two  patterns  are  transmitted  simultaneously,  each  at 
a  different  frequency.  Two  slightly  different  patterns  are  used 
on  reception  a  la  Mattingly.  The  resulting  system  output  is  of 
the  form 


(3 


»vhv!re  Re  means  "the  real  part  of" 

*  indicates  the  complex  conjugate 

The  transmit  patterns  Ai{u),  A2{u)  and  the  receive  patterns 
Bj(u),  62(11)  are  related  to  the  original  Dolph-Tchebyschieff 
diotribution  as  follows; 


Ai(u)  = 

Tn(u) 

+  0.9440 

(3.19) 

A2(u)  ,= 

Tn<^) 

+  0.  3828 

(3. 20) 

Bi(u)  ,= 

Tn(^) 

-  C.  9240 

(3.21) 

B^(u)  . 

T„(u) 

-  0.  3828 

(3.22) 

This  optimized  pattern  (T^  )  is  compared  on  an  equal  null  beam  ■ 
width  basis  with  (T^^^)  and  (T^)  in  Figure  3.  6.  It  indicates  a 
side  lobe  suppression  improvement  of  approximately  Z  db  (one- 
way  equivalent)  ov-er  the  Mattingly  approach  The  cost  of  this 
improved  performance  is  the  complexity  that  goes  with  a  two- 
frequency,  cross-correlation  radar  system. 

3.  3  The  Price  Approach 

The  Mattingly  and  MacPhie  approaches  described  above  involve 
a  pattern  multiplication  of  the  transmitted  and  received  patte'rns. 
For  a  "receive  only"  system,  Price^^  has  shown  that  one  can 
get  the  equivalent  of  (Tzn)  and  (T^j^)  operation  il  one  is  willing 
to  accept  the  complexity  of  a  non-linear  data  processing  scheme. 
Starting  with  an  array  whose  pattern  is  optimized  for  (Tj^),  (Tz^) 
performance  is  achieved  by  generating  the  appropriate  terms  in 
equation  (3.  5)  in  parallel  receive  channels  and  tPien 'multiplying 
them  together  as  shown  in  Figure  3.8.  KsiensKi''®  suggests  that 
it  might  be  simpler  to  cai'ry  out  the  operation  given  by  equation 
(3.4)  --i.e.,  squa re  the  a rray  output  and  subtract  the  auxiliary 
antenna  or  a  sample  of  the  center  element.  The  side  lobe  suppre.s- 
sion  possible  with  this  system  is  essentially  the  same  as  the 
Mattingly  and  MacPr  i<'  syster  s. 

3 .  4  Time  Modulation  Approach  ^  ^ 

If  it  we,  3  possibl.-  to  vary  the  position  of  the  side  lobes  as  a  func¬ 
tion  of  time  without  affecting  the  shape  or  position  of  the  main  lobe, 
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then  averaging  the  output  of  the  array  before  detection  would 
result  in  a  pattern  with  reduced  side  lobes.  It  is  necessary  to 
do  the  averaging  before  detection  to  take  advantage  of  the 
destructive  pha  se  interference  that  takes  place  between  adjacent 
side  lobes  at  the  r.  f .  frequency.  From  our  study  of  array  theory, 
we  know  that  one  way  to  shift  the  side  lobe  positions  is  to  vary  the 
length  of  the  array  without  changing  its  relative  aperture  distri¬ 
bution. 

Suppose  we  were  dealing  with  a  uniformly  illuminated  array  of 
length  L  as  shown  in  Figure  3.9.  If  we  now  modulate  the  leiigth 
L  by  an  amount  L*  where 

L»  =  pLfit)  (3.23) 

p  =  fraction  of  L  added  and  subtracted 
i(t)  =  modulation  function  of  t 

The  resulting  far  zone  voltage  pattern  will  have  the  form 


E(0,t)  =  C 


where 


sin 

r  27TL 

j^l  +pf{t)  j  cos  0^ 

sin  1 

'  27TL 

cos  0  j" 

\o^ 

C  =  constant  -  terms  not  dependent  on 
n  =  number  of  elements 


(3.  24) 


t 


If  we  now  filter  out  the  "carrier”  frequency  or  "dc  term"  of  the 
modulation,  we  will  have  carried  out  a  phase  coherent  averaging 
operation  and  the  resulting  output  will  be: 


bo  (9) 


.  r  27rL 

'  cos  0^ 

=  c 

.  r  zttl 

Sint  -r - 

[\on 

cos  0  1 

ZTTLp 


cos  0 


(3.25) 


where  f(t)  is  assumed  to  be  a  square  wave  with  a  fractional 
"on"  period  p. 
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The  pattern  described  by  eqviation  (3.  25)  is  that  of  a  iinifomily 
illuminated  array  but  with  a  superimposed  cosine  term  that 
suppresses  the  side  lobes.  This  was  accomplished  by  adding  and 
subtracting  part  of  the  array  as  shown  in  Figure  3.9.  The  optimum 
value  of  p  is  0.  25  and  with  this  value  of  p,  the  first  side  lobe  . 
is  suppressed  from  the  usual  •13>l/4  db  to  -23  db  --  a  net 
improvement  of  approximately  10  dbJ 


It  sounds  a  little  bit  like  we  are  getting  something  for  nothing: 
However,  an  analysis  of  what  happens  to  absolute  gain  quickly 
shows  the  price  we  pay.  ,  Kummer  has  made  such  an  analysis 
and  he  shows  that  the  loss  in  gain  due  to  time  modulation  com¬ 


pared,  to  the  static  or  standard  array  with  the  same  aperture  size, 
and  receiving  pattern  is: 

o... 


Ac  = 


(3.26) 


n-  1| 


where  Aj  =  ith  feeding  coefficient  for  the  static  array 

Ti  =  "on"  time  for  the  ith  element 
T  =  modulation  period 
n  =  total  number  of  array  elements 

For  uniform  array  switched  -13-1/4  db  side  lobes  to  -40  db  side 
lobes,  the  time  modulated  antenna  had  3.  53  db  less  gain  than  a 
static  antenna  w  ith  the  equivalent  amplitude  taper  that  delivered 
-40  db  side  lobes.  For  an  array  with  -30  db  side  lobes  time 
modulated  to  -40  db  side  lobes,  the  loss  in  gain  was  only  0.  51  db. 

These  results  indicate  that  in  order  to  reduce  the  loss  in  gain  due 
to  time  modulation,  the  array  ought  to  be  designed  for  the  lowest 
possible  side  lobes  by  conventional  techniques.  Time  modulation 
then  becomes  useful  in  further  suppressing  the  side  lobe  level. 

It  is  interesting  to  note  that  very  low  s’de  lobe  arrays  --  whether 
static  or  time  modulated,  become  increasingly  stringent  on  the 
tolerance  to  which  the  Aj  are  controlled.  For  the  static  case, 
once  the  power  dividers  in  the  corporate  structure  are  set, 
nothing  further  can  be  done.  Rr  the  time  modulated  case,  Ti 
can  be  programmed  to  optimize  side  lobe  performance. 
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3.  5 


The  side  iobe  suppression  approaches  described  above  uti 
time  modulation,  non  reciprocal  antennas  and/or  non  line 
data  processing  to  achieve  a  substantial  improvement  in  t 
lobe  performance.  The  use  of  an  auxiliary  antenna  may  i; 
additional  noise,  thereby  reducing  the  signal  to  noise  rati< 
of  the  system.  Whether  this  will  have  a  deteriorating  efft 
the  overall  system  will  depend  on  the  initial  value  of  S/N 
the  type  of  system  being  employed. 


4.0  SIDE  LOBE  CANCELLATION 

Having  optimized  and  suppressed  the  side  lobes  to  the  ext( 
it  is  reasonable,  one  asks,  "what  can  I  do  to  cancel  or  at  i 
reduce  the  effect  of  the  side  lobes  on  the  system?". 


Logical  Switching  Techniques 


The  basic  approach  used  in  logic  switching  systems  is  to  d 
whether  a  signal  is  being  received  via  the  side  lobes  and,  : 
Id  turn  off  the  presentation.  A  typical  schematic  of  such  a 
is  shown  in  Figure  4.  la  to  consist  of  a  main  antenna,  an  ai.. 
antenna  and  a  logic  block.  Given  a  main  antenna  whose  rai 
pattern  P|^(0)  is  of  the  form  shown  in  Figure  4.  lb,  the  at 
antenna  is  chosen  so  that  its  pattern,  ^cts  as  an  en' 

for  the  side  lobe  structure.  These  two  signals  are  detecte 
fed  to  the  logic  block  where  their  amplitudes  are  compared 
each  range  cell.  For  any  particular  range  cell,  if  Pivi(9j 
the  switch  is  closed  and  the  system  works  like  a  normal  ra 
system.  If  Pm^®i  )»  switch  is  open  and  the  p 

tation  for  that  range  cell  and  that  angle  of  look  6^  is  blanl 
This  occurs  when  an  undesireable  signal  is  being  received 
side  lobes.  It  should  be  noted  that  in  blanking  the  presenta 
this  resolution  cell,  a  desireable  signal  on  the  main  lobe  w 
be  blanked. 


In  an  area  with  large  prominent  targets,  this  behavior  coult 
to  presentation  blanking  for  appreciable, pe riods  of  time  wh: 
could  result  in  poor  detection  capability  of  desired  targets. 
Obviously  such  a  system  is  vulnerable  to  intentional  jammii 
however,  there  are  techniques  that  allow  one  to  minimize  tl 
of  such  jamming. 
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The  logic  eyetem  makes  an  "on-off!*  decision  on  a  resolution  cc 
by  resolution  cell  basis.  That  is,  it  is  a  single  pulse  detection 
and  comparison  system.  Since  detection  takes  place  before  8i( 
integration  -  usually  the  presentation  scope  --  the  system  suff 
an  appreciable  loss  in  sensitivity.  To  first  order  approximatiu 
the  loss  in  sensitivity  fpr  such  a  post  detection  integrating  syst 
is; 


Loss  in  S/N  s  5  logjQ  n 

where  S/N  »  signal  to  noise  ratio 

n  s  number  of  pulses  integrated  per 
resolution  cell  without  logical 
switching 

For  a  typical  system  which  integrates  50  pulses  in  sequence  pe: 
resolution  cell,  this  is  a  loss  of  8-1/2  db  in  S/N,  which  reducei 
the  radar  detection  range  to  35%,  This  is  a  serious  penalty  and 
may  b^  prohibitive  for  most  radar  applications  where  target  eel 
signals  are  small.  For  certain  "receive  only"  applications  whe 
one  is  looking  at  "beacons"  with  large  S/N,  the  losses  of  logic* 
switching  are  quite  acceptable.  The  pattern  that  results  fro 
the  logical  switching  approach  is  shown  in  Figure  4.  Ic.  Since  t 
switching  or  cancelling  occurs  at  video  levels,  these  systems  a 
often  called  video  cancellers. 

To  increase  the  sensitivity  of  the  system  in  the  region  of  the  ma 
lobe,  the  pattern  of  the  auxiliary  antenna  can  be  chosen  to  be  a 
cardioid  with  its  null  on-axis. 


4.  2  Side  Lobe  Modulation 

It  is  possible  to  suppress  the  side  lobe  level  without  materially 
affecting  gain  or  beamwidth  by  using  a  periodically  variable 
antenna  that  acts  to  "tag"  or  modulate  the  energy  received  via 
the  side  lobes  so  that  it  can  be  filtered  and  eliminated.  There 
are  several  ways  of  doing  this.  Two  of  the  schemes  in  current 
favor  employ 

1.  Phase  modulation 

2.  Frequency  modulation 
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The  phase  modulation  scheme  involves  the  use  of  a  low  gain 
auxiliary  antenna  whose  pattern  f(0)  forms  an  envelope  for  the 
main  antenna  pattern  F(6)  as  shown  in  Figure  4.  2a.  The  auxiliary 
antenna  is  used  on  reception  only  and  is  alternately  connected 
"in  phase"  and  "out  of  phase"  with  the  main  antenna  at  some 
predetermined  modulation  rate  ,,  ,  as  shown  schematically 

in  Figure  4.2b.  The  resulting  vof?age  pattern  E(0)  alternates 
between: 


Eo(0)  =  F{0)  +  f(0) 

u  J 

=■  'F(0)-f(0)j 

■  where  F(6)  =  voltage  pattern  of  the  main  antenna 

f(0)  =  voltage  pattern  of  the  auxiliary 

antenna 

Eq(0)  and  E  ,(9)  are  plotted  in  Figure  4.3.  Note  that  signals 
arriving  via  the  side  lobes  are  modulated  100%  while  those 
arriving  via  the  main  lobe  are  practically  unaffected.  This  can 
be  described  mathematically  as  follows: 


(4.2a) 
(4.  2b) 


%  modulation  = 


Eo{0)  -  E-(e) 


X  100% 


(4.  3) 


J- 


Substituting  from  equation  (4.  2) 

%  modulation  =  -  100% 


f(e) 

l-W 


(4  4) 


Note  that  for  large  side  lobes,  f(0)  must  be  large  if  %  modulation 
is  to  be  large  (50  -  100%).  Large  values  of  f(0)  can  sometimes 
adversely  affect  the  mam  lobe  as  shown  in  Figure  4,4.  To  reduce 
this  effect,  the  auxiliary  pattern,  f{9),  is  chosen  to  resemble  a 
cardioid  pattern. 

Although  the  net  effect  of  this  system  ’s  to  suppress  signals 
received  via  the  side  lobes,  it  should  be  noted  that  the  auxiliary 
antenna  introduces  additional  noise  due  to  its  broad  pattern. 

This  means  that  the  overall  signal  to  noise  ratio  will  be  degraded. 

The  second  approg.ch  to  modulating  the  side  lobe  signals  received 
via  the  side  lobes  involved  frequency  modulation.  It  is  a  well 
known  fact  that  the  angular  location  of  the  side  lobes  depends  not 


only  on  the  antenna  parameters  but  on  frequency  (or  wavelength). 
For  a  uniformly  illuminated  aperture  the  pattern  is  given  by; 


F(e) 


sin  1  7TD 
iSL. 


cos  9 


Tf  D 
^o 


(4.  5) 


cos  8  i 


For 


a  uniformly  illiuninated  array,  the  pattern  is  given  by: 


F(0)  =  - 

n 


CO80 

sin  \  \o 


sin 


^  cos  0 


(4.6) 


If  the  radar  system  transmits  alternate  pulses  at  frequencies 
f|  and  fj  where  and  fj  are  sufficiently  separated,  the 
resulting  radiation  patterns  have  pencil  beams  that  lie  one  atop 
the  other  but  side  lobes  that  straddle  one  another  as  shown  in 
Figure  4.  5.  Signals  arriving  via  the  side  lobes  tend  to  be 
modulated  whereas  signals  arriving  via  the  main  lobe  are  un¬ 
modulated.  Obviously,  the  modulation  and  therefore  the  side 
lobe  suppression  varies  with  pattern  angle  and  may  not  be  as 
good  as  that  possible  with  phase  modulation.  This  approach 
has  the  advantage  that  no  auxiliary  antenna  is  necessary.  On  the 
other  hand,  suppression  of  the  first  few  side  lobes  requires  that 
fj  and  be  widely  spaced.  This  means  we  must  have  a 
wide  band  system  which  may  complicate  the  design. 


Although  it  is  possible  to  modulate  signals  arriving  via  the 
side  lobes  and  thus  filter  and  eliminate  them,  it  must  be  remem¬ 
bered  that  real  targets  on  the  mam  lobe  are  not  fixed  in  amplitude 
but  fluctuate.  This  fluctuation  or  scintillation  may  liave  a  broad 
spectrum  depending  on  the  target,  and  may  include  the  modulation 
fi'equency.  This  means  that  a  desired  scintillation  target  on  the 
main  lobe  could  be  mistaken  for  a  modulated  signal  arriving  rna 
the  side  lobes  and  thus  be  filtered  and  eliminated  from  the  radar 
presentation. 
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5. 0  CONCLUSIONS 


In  cur  quest  for  design  approaches  that  optimize  side  lobe 
performance  without  unduly  compromising  gain  and  beamwidth, 
we  have  discussed  three  general  approaches: 

1.  Side  lobe  optimization  -  the  thoughtful  application  of  con- 
ventional  design  techniques  to  generate  an  exceptionally  good 
design. 

2.  Side  lobe  suppression  ,  -  the  application  of  unconventional 
techniques  such  as  time  modulation,  non- reciprocal 
antennas  and  non-linear  data  processing  to  suppress  the 
inherent  side  lobe  level  to  a  lower  level,  and 

3.  Side  lobe  csmcellation  -  a  last  resort  in  which  one  attempts 
to  compensate  t tie  system  for  the  effects  of  the  side  lobes 
that  cannot  be  reduced. 

In  attempting  to  form  a  basic  design  policy  with  regard  to  side 
lobe  performance,  the  words  of  Angelique  Arnauld  are  most 
appropriate: 

"Perfection  consists  not  in  doing  extraordinary  things,  but  in 
doing  ordinary  things  extraordinarily  well.  " 

For  most  design  situations,  there  is  more  to  be  gained  in 
lobe  optimization  than  in  either  of  the  other  two  approaches. 

For  special  applications,  certain  of  the  side  lobe  suppression 
techniques  appear  promising  but  requi  re  a  good  deal  of  additional 
development.  Except  for  certain  "receive  only"  applications, 
where  S/N  is  not  a  consideration,  present  day  side  lobe  cancella¬ 
tion  techniques  do  not  appear  to  be  particularly  attractive. 
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LIGHTWEIGHT  LARGE -APERTURE  ARRAYS  FOR 
AIRBORNE  APPLICATIONS 

B.  M.  Bowman,  W.  O.  KJever,  A.  E.  Marble 
Goodyear  Aerospace  Corporation.  Akron  15,  Ohio 


INTRODUCTION 

This  paper  describes  design  and  fabrication  techniques  that  Goodyear  Aerospace 
Corporation  has  found  useful  in  the  development  and  production  of  large -aper¬ 
ture  airborne  arrays.  Two  such  arrays  are  shown  in  Figures  1  and  Z.  Design 
emphasis  has  been  placed  necessarily  on  minimizing  size  and  weight  without 
sacrificing  performance  or  reliability.  The  particular  antennas  discussed  are 
of  the  resonant,  edge -slotted,  wave  guide  type.  However,  most  of  the  features 
discussed  are  useful  with  other  types  of  arrays. 


Figure  1  -  X-Band  Shaped-Beam  Wave-Guide  Array 
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Figure  Z  -  X-Band  Fan-Beam  Array 


, SHAPED  BEAM  SYNTHESIS  .  -  ■  -  ;  ' 

Where  vertical  aperture  must  be  minimized  and  w'.iere  the  phase, of  the  field 
pattern  is  not  specif^ied,  the  unit,  circle  representation  of  the  Schelknnoff 
array  polynomial  has  proved  to  be  a  powerful  tool  for  shaped -beam  synthesis. 

■  theory  and  aoplication  of  this  technique  have  been  described  adequately  in 
the  literature.  ^  Not  apparent  from  these  refeiumces ,  however,  is  the 

simplicity  of  the  method  and  the  rapidity  with  which  the  designer  can  become 
skilled  in  the  manipulations  required  for  beam  shaping. 

The  method,  very  briefly,  is  as  follows.  Schelkunoff  showed  that  the  magni¬ 
tude  of  the  array  factor  of  an  n  element  linear  array  is 

jE(v>)  I  =  ^  +  .  .  .  a^  -  z"  *  ^  (  D 

where  Z  =  ^  -  Zffd/A  sin  4'  aj^  is  the  complex  current  element  excita¬ 

tion  of  the  m^^  element,  d  is  the  separation  between  elements,  and  4  is  the 
angle  from  a  normal  to  the  array  The  polynomiaT  can  be  factored  into  (n  -  1) 
binomials  so  that  Equation  I  can  be  v.'ritten 

|E(t^,  I  =  j(Z  -  rj){Z  -  r^)  .  .  .  (Z  -  r^  _  ,)(Z  -  r^  j)|  .  (2) 

The  r's  are  the  complex  roots  of  the  polynomial.  Z  is  a  unit  vector  and  hence 
moves  on  the  circumference  of  a  unity  radius  circle  as  the  value  of  changes. 
If  the  roots  are  plotted  on  the  same  coordinates  as  the  unit  circle,  as  in  Fig¬ 
ure  3,  each  quantity  (Z  -  r  )  can  be  represented  graphically  as  a  vector  from 
Z  to  a  point  Tf^,.  Thus  the  value  of  jEj  for  any  value  of  0  is  obtained  readily 
either  by  graphical  measurement  or  by  direct  computation  of  the  product  of  the 
distances  between  the  corresponding  location  of  Z  and  each  of  the  roots. 

Taylor  and  Whinnery^  developed  an  analog  computer  that  permits  direct  ob¬ 
servation  of  lEfuJ'/las  the  root  locations  are  manipulated.  Such  a  machine  has 
the  obvious  advantages  of  speed  and  convenience.  However,  the  graphical  so¬ 
lution  is  capable  of  reasonable  speed  and  accuracy  if  the  number  of  roots  is 
nt)t  too  large  and  the  measured  values  of  (Z  -  r,y,)  arc  recorded  in  tabular  form 
for  subsequent  multiplication. 

A  simple  uniform  array  representation  is  shown  in  Figure  3.  Note  that  a  zero 
or  null  in  |E|  occurs  wherever  a  root  falls  on  the  un,t  circle.  As  a  very  simple 
example  of  pattern  shaping,  Figure  4  shows  tiu-  effect  of  moving  one  of  the, 
roots  off  the  circle.  Several  effects  are  noted. 

1.  The  null  at  +90  deg  has  disappeared. 

2.  The  peak  of  the  beam  has  shifted  slightiv  in  angle  (and  in 
absolute  magnitude  if  directivity  were  to  be  computed). 

3.  The  excitation  currents  are  all  different  as  can  be  seen 
from  the  polynomial  coefficients. 

The  designer  soon  develops  a  facility  for  array  factor  shaping  as  experience 
in  root  .manipulation  is  gained.  Obviously  more  roots  arc  required  .as  shaping 
requirements  are  increased.  An  e.xample  of  an.  eight -element  shaped  array 
factor  is  shown  in  Figure  . 

^Superior  numbers  in  the  text  refer  to  items  in  the  List  of  References  . 
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Figure  3  -  Unit  Circle  Representation  of  Four -Element  Uniform  Array 
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Figure  5  -  Unit  Circle  Representation  ol  Eight-Element  Nonuniform  Array 


An  interesting  and  useful  aspect  of  the  method  arises  from  the  fact  that  a  non¬ 
unity  root  can  be  replaced  by  its  inverse  conjugate  value  without  changing 
Thus  it  can  be  shown  that  2^/2  different  sets  of  driving  currents  . 
(where  N  is  the  number  of  non-unit  roots)  will  produce  identical  power  patterns. 
This  feature  has  been  found  useful  in  series  wave  guide  power  dividers  where 
the  lowest  possible  ratio  of  driving  current  jnagnitudes  is  dictated  by  the  lim¬ 
ited  practical  range  of  slot  coupling  coefficients.  In  this  case  the  set  of  driv¬ 
ing  currents  with  the  lowest  ratio  of  maximum  to  minimium  value  would  be  se¬ 
lected. 

The  gr.aphical  pattern  computation  is  aecurate  to  a  fc'w  tenths  of  a  decibel  if 
done  with  care.  However,  two  digital  computer  programs  are  desirable; 

1.  Computation  of  normalized  power  pattern  |E(0)|  from 
root  locations 

2.  Computation  of  all  the  2^/2  sets  of  polynomial  coeffi¬ 
cients  from  a  single  set  of  input  roots 

The  first  program  can  be  used  in  place  of  the  graphical  solution  if  it  is  more 
convenient,  or  as  a  final  accurate  computation.  The  second  program  avoids 
the  tedious  expansion  of  the  complex  roots  into  the  polynomials. 

The  unit  circle  synthesis  has  also  been  found  useful  in  compensating  for  pat¬ 
tern  distortions  resulting  from  mutual  coupling.  The  procedure  consists  of 
comparing  measured  to  computed  patterns,  which  assume  no  coupling,  and 
modifying  the  array  factor  accordingly.  This  iterative  process  appears  to 
converge  quite  rapidly  if  initial  coupling  effects  are  not  severe. 

POWER  DIVIDER 

I'hf  cente r -feeding  power  divider,  shown  in  the  array  of  Figure  1,  was  selected 
on  the  basis  of  simplicity  of  design,  ease  of  reproducibility,  and  ease  of  inte¬ 
gration  into  the  over -all  antenna  package.  E-planc  bifur cation.s  were  considered 
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•iid  were  rejected  because  they  did  not  meet  any  of  these  requirements.  The 
l^wcr  divider  is  the  resonant  type  with  inclined  slots  in  both  narrow  wails  of  a 
Standard  WR  90  wave-guide  section.  Although  power  dividers  of  this  type  have 
ttcen  built  with  slots  in  one  edge,  the  literature  shows  no  data  for  this  doubly 
slotted  configuration. 

Measurements  on  several  test  units  indicate  tliat  the  presence  of  a  companion 
slot  has  no  noticeable  effect  on  the  coupling  of  the  original  slot.  When  a  pair 
of  opposing  slots  is  terminated  in  a  single  section  of  wave  guide,  as  in  Fig¬ 
ure  6,  there  is  very  little  coupling  (<40  db)  between  the  two  sides,  due  perhaps, 
to  the  section  of  transmission  line  between  them  which  is  below  cut-off. 

To  design  a  usable  unit  it  is  necessary  to  know  the  relatic  hip  between  the  slot 
conductance  g,  the  slot  angle  6,  and  the  slot  depth  D.  Te  nits  were  made 
with  single  slots  in  each  side  of  a  wave  guide,  the  slots  hav;  ;  the  same  angle 
and  same  longitudinal  renter  line  position.  Input  admittance  measurements 
were  made  with  reference  to  the  slot  center  line  with  slot  depths  increased  by 
small  increments  until  pure  conductance  was  measured.  The  slot  conductance 
was  then  determined  by  the  input  admittance,  and  checked  by  output  arm  couplin 
measurements.  Several  l6-output  power  dividers  were  then  made  based  on  the 
original  data  and  the  coupling  values  rechecked.  The  results  of  these  tests  in¬ 
dicate  that  the  conductance  is  related  to  the  slot  angle  in  accordance  with  g  ~ 

K  tan^  0,  where  K  is  a  constant  dependent  on  frequency  and  geometry.  The 
measured  coni-uctAnce  data  are  shown  in  Figure  7. 

The  maximum  usable  angle  is  of  the  order  of  25  deg  because  the  proximity  of 
the  slot  edge  to  the  coupled  guide  seems  to  yield  erratic  data  above  this  angle. 
Due  to  the  variation  in  wall  thickness  and  inability  to  separate  centerline  spac-  ’ 
ing  errors  from  slot-depth  changes,  an  exact  relationship  was  not  determined 
between  slot  depth  and  slot  angle.  However,  the  outside  centerline  distance  is 
of  the  order  of  a  half  guide  wave  length.  The  latter  relationship  and  the  slot 
depth  versus  9  curves  are  shown  in  Figure  7. 

Although  an  exact  equivalent  circuit  for  the  power  divider  has  not  been  de¬ 
termined,  a  workable  model,  at  resonance,  is  shown  in  Figure  8.  With  matchet 
loads  on  all  coupled  arms  it  is  seen  that  the  input  conductance  is  simply  the  sum 
of  the  individual  conductances  because  the  slot  spacing  is  one -half  wave  length. 
Power  divider  design  requires  that  these  conductances  total  1.0.  The  power 
coupled  out  any  slot  is  then  Pg  =  gPjjj.,  where 

P^  =  power  coupled  out  slot  s,. 

P.^  =  power  at  power  divider  input  flange, 

g  *  conductance  of  slot. 

Off  resonance  there  is  a  susceplance  contribution  from  the  slots  which,  in  con¬ 
junction  with  the  deviation  from  half  wave-length  spac  ing.  ■  causes  some  mis¬ 
match  and  hence  changes  in  tht'  power  division. 

The  results  of  high-power  tests  on  a  24-slot  power  divider  are  shown  in  Fig¬ 
ure  9.  As  indicated,  this  power  divider  would  handle  200  kw  at  15  psia  inter¬ 
nal  pressure.  Although  no  external  radiation  source  was  used,  each  test  con¬ 
dition  was  held  for  two  hours  or  until  breakdown  occurred. 

PHASING  TECHNIQUE  FOR  VERTICAL  PATTERN 

The  resonant  slotted  wave  guide  feed  systems  described  above  cannot  readily 


POWER  IN 


SLOT  CONDUCTANCE 


Figure  6  -  Approximate  Equivalent  Circuit  for  Power  Divide 


.  be  designed  to  control  excitation  phase  as  well  as  amplitude.  The  most  comi 
pha.sing  technique  utilizes  dielectric  phase  shifters  in  each  branch  guide.  Su 
phase  shifters  usually  add  cost  to  development  and  fabrication,  add  weight,  i 
terfere  with  radiating  element  placement  (and  hence  degrade  the  patterns),  a 
might  result  in  design  problems  for  a  broad  operating  temperature  range.  A 
simple  alternative  technique  is  illustrated  by  the  array  of  Figure  1.  The  pha 
of  each  element  in  the  vertical  direction  is  determined  by  the  distance  betw'e' 
the  power  divider  and  the  first  edge  slot  in  the  resonant  slot  pattern  of  each 
element.  This  means  that  each  horizontal  element  is  slightly  different,  hen< 
the  azimuth  patterns  of  each  element  are  also  slightly  different.  However, 
these  differences  are  too  small,  in  an  array  of  the  size  shown,  to  be  of  prac 
tical  consequence.  The  composite  azimuth  pattern  is  found  to  correspond  ve 
closely  to  that  of  a  single  element  having  an  average  distance  between  the  po' 
divider  and  the  first  slot. 

The  phase  shifter  employed  is,  then,  a  length  of  wave  guide  corresponding  t< 
the  desired  phase.  It  need  never  exceed  a  half>guide  wave  length  because 
either  the  power  divider  slot  or  radiating  slot  angles  can  be  reversed  to  obta 
a  180-deg  phase  shift.  The  desired  phase  shift  is  easily  predicted  and  is  coi 
paratively  economical  and  reliable.  It  does  require,  for  the  design  shown  ir 
Figure  1,  that  each  of  the  elements  be  different.  However,  the  production 
methods  are  such  that  th'^  resulting  added  cost  is  very  small. 

SIDE  LOBE  REDUCTION 

The  array  of  Figure  1  is  unconventional  in  the  method  utilized  for  side -lobe 
control  as  well, as  for  phasing.  For  simplicity  of  manufacture  it  was  desire' 
that  all  slot  angles  be  the  same  (except  for  reversals),  resulting  in  an  essen 
tially  uniform  array.  However,  because  of  a  specified  maximum  azimuth  si 
lobe  level  of  13.0  db,  some  means  of  side -lobe  suppression  was  deemed  nec 
sary  to  provide  margin  for  center  blocking  (due  to  the  power  divider  and  pha 
ing  spaces)  and  for  manufacturing  tolerance  effects. 

Tlie  required  suppression  was  obtained  simply  by  eliminating  certain  slots  f 
the  otherwise  uniform  slot  pattern  in  each  of  the  horizontal  elements.  Wher 
properly  designed,  such  missing  slots  create  an  interferometer  type  of  sub¬ 
traction  pattern  of  such  magnitude  and  phase  that  the  near -in  side  lobes  are 
duced  at  the  expense  of  an  increase  in  other  side  lobes.  An  example  is  give 
in  Figure  10  for  a  computed  array  factor  with  and  without  two  missing  slots 
near  each  end.  As  can  be  seen,  the  maximum  side -lobe  level  has  been  redi 
at  the  expense  of  a  general  increase  in  other  side  lobes  and  a  slight  beam  bi 
ening.  Not  shown  by  the  normalized  curves  is  a  gain  reduction  of  0.  3  db. 

No  straightforward  design  procedure  has  been  devised.  However,  with  a  ra 
simple  digital  computer  program,  it  is  possible  to  examine  quickly  a  range 
numbers  and  locations  of  missing  slots  from  which  the  optimum  slot  pattern 
be  selected.  Figure  11  shows  typical  variations  in  first  side -lobe  level  and 
beam  width  for  a  limited  range  of  missing  element  locations. 

The  above  technique  is  not  proposed  as  a  substitute  for  more  sophisticated  s 
lobe  reduction  techniques.  However,  it  might  be  a  suitable  alternative  whe) 
simplicity  is  advantageous  and  the  slightly  reduced  performance  (as  compar 
to  smooth  tapering)  can  be  tolerated. 

PRESSURE  SEAL 

To  utilize  fully  the  weight  and  volume  advantages  of  a  wave -guide  array,  thi 
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ARRAY  FACTOR  (DECIBELS) 


Figure  10  -  Example  of  Effect  of  Missing  Slots  on  Side  Lobes 
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distance  or  missing  elements  from  ends  (wave  LENGTHS) 


Figure  11  -  Effect  of  Missing  Element  Location  on  First  Side^Lobe 
Levels  and  Beam  Width 
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pre8»ure  seal  must  add  negligible  weight  to  tiie  array.  Thin  dielectric  films 
bonded  directly  to  the  wave -guide  elements  have  been  used  successfully  to 
meet  the  pressure -seal  requirem-*'  i.-,  .ery  well.  Several  sealing  systems  for 
RG-67/U  wave  guide  are  listed  in  Table  I  together  with  their  temperature  and 
pressure  limits. 


TABLE  I  -  WAVE  GUIDE  SEALING  SYSTEM  CHARACTERISTICS 


Pressure  cover 

Maximum  service 
condition  (F) 

Test  pressure 
(psig) 

0.002-in.  Mylar  with 
polyester  adhesive 

250 

30 

0.0 10 -in.  Teflon  with 
high -temperature 
adhesive 

500 

30 

3M  No.  57  thermo- 

setting  electrical 
tape 

1  200 

20 

Placing  the  dielectric  film  in  intimate  contact  with  the  radiating  slots  causes 
the  slot  to  appear  longer  than  it  is.  This  loading  effect, is  shown  for  different 
films  in  Figure  12.  The  locus  of  admittences  for  various  thicknesses  of  film 
coincides  v/ith  the  locus  of  admittances  for  various  slot  depths.  This  fact  is 
very  useful  in  determining  resonant  depths. 

Power  breakdown  at  high  altitudes  can  occur  at  peak  power  levels  that  nor¬ 
mally  are  encountered  in  airborne  applications.  In  pressurized  slotted  arrays 
this  breakdown  occurs  normally  immediately  outside  the  slot  and  will  erode 
the  pressure  cover  and  eventually  cause  failure.  The  peak-power  breakdown 
limits  of  the  edge  slots  covered  with  Teflon  are  shown  in  Figure  13.  Addition¬ 
al  power  handling  capacity  can  be  obtained  by  making  the  slots  wider  or  by  re¬ 
moving  the  dielectric  cover  from  the  immediate  vacinity  of  the  slots. 

PRODUCTION  TECHNIQUES 

Theoretical  tolerance  studies  and  subsequent  experience  have  shown  that  many 
of  the  dimensions  of  X-band  resonant  arrays  require  accuracies  approac  hing 
those  obtainable  only  with  jig  boring  mills.  However,  special  techniques  have 
been  developed  to  permit  the  use  of  mcjre  <  onventipna  1  equipment.  Most  of  these 
techniques  require  a  very  high  precision  wave  guide  and  tight  inspection  during 
processing.  Li  the  array  of  Figure  1  all  slots  in  the  element  guides  have  the 
same  angle.  Thirteen  slots  of  the  same  inclination  are  cut  on  the  specially  de¬ 
signed  gang  mill  shown  in  Figure  14.  This  process  maintains  tolerances  of 
±0.001  in.  on  slot  centerline  location  and  slot  depth.  In  cases  where  slot  angles 
vary,  such  as  in  the  power  divider,  tooling  costs  can  be  high  and  the  use  of  a 
jig  borer  appears  to  be  the  most  economical  method  of  production. 

Bulky  mechanical  fastening  methods  and  conventional  brazing  processes  cannot 
provide  the  lightv'eight  and  high  accuracies  necessary  for  airborne  arrays. 

Resin  bonding  methods  therefore  have  been  used  e.xterisively  for  assembly. 
Preimpregnated  film  adhesive  systems  have  been  developed  which  give  high 
strength  aiumi  um -to -aluminum  bonding  at  service  temperatures  up  to  500  F. 
Glue-line  thicknesses  can  be  controlled  to  within  0.001  in.  when  assemb.ly  is 
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Figure  13  -  Power  Handling  Capacity  of  Teflon  Covered  Slot, 
0.063 -In.  Wide,  versus  External  Pressure 


'^’’ave  Guides 


Figure  14  -  Slotting  Facility  for  Elemcri' 
done  in  a  properly  designed  holding  fixture. 

SUMMARY 

The  above  discussions  touch  briefly  on  several  techniques  that  have  c-cen  em¬ 
ployed  successfully  in  urra'y-  development  but  which  have  not  received  extensive 
coverage  in  the  literature.  The  material  has  been  drawn  from  several  pro¬ 
grams  conducted  at  both  the  Ahron,  Ohio  and  the  Litchfield  Park.  Arizona 
plants  of  Goodyear  Aerospace.  Tae  paper  should  be  considered  as  a  compen¬ 
dium  of  solutions  to  specialized  problems  rather  than  as  a  treatise  on  array 
design. 
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ANTENNA  RANGE  EVALUATION  FOR  MEASUREMENTS 
OF  GEMINI  TRACK  RADAR 


By  J.  H.  Diel* 

ABSTRACT 

The  accuracy  in  direction  measurement  required  for  success  of 
the  rendezvous  mission  of  Project  GEMINI  has  brought  about  the  neces¬ 
sity  for  improvement  in  antenna  measurement  facilities.  In  order  to 
adequately  evaluate  the  performance  of  the  radio  direction  finding  device 
both  the  electrical  ar.d  the  mechanical  characteristics  of  the  antenna 
range  must  be  excellent. 

This  paper  describes  the  techniques  used  to  set  up  and  evaluate 
an  outdoor  free  space  type  antenna  range  for  measurement  of  the  pointing 
accuracy  of  the  GEMINI  Track  Radar.  Since  the  anticipated  accuracy  of 
the  radar  is  a  few  milliradians  it  is  desirable  to  attain  an  overall  mea¬ 
surement  accuracy  of  less  than  one  milliradian.  In  order  to  obtain  this 
measurement  accuracy  it  is  necessary  to  hold  the  signal  le/el  of  all 
extraneous  signals,  both  reflected  and  externally  generated,  to  -51  db 
over  a  four  foot  bv  six  foot  test  aperture  at  the  measurement  frequency 
of  about  HOO  Mc/sec.  This  condition  is  sufficient  when  the  mechanical 
errors  in  pointing  the  radar  are  held  to  negligible  size  (i.e.,  about 
0. 1  mr). 

The  method  used  to  obtain  this  accuracy  in  the  standing  wave  field 
consisted  of  the  placement  of  radio  frequency  absorbing  material  at 
various  places  on  the  antenna  range  tower  holding  the  measured  antenna, 
and  the  use  of  a  suitable  antenna  to  illuminate  the  test  antenna.  The 
evaluation  procedures  included  measurements  of  the  standing  wave  field 
using  the  off  peak  amplitude  measurement  method,  and  an  on  peak  phase 
measurement  method  using  tb^  interferometer  techniques.  The  mechanical 
accuracy  was  maintained  by  use  of  a  theodolite  for  boresighting  and  a 
redundant  closed  circuit  television  system  and  synchro  system  for 
measurement  of  the  test  direction. 
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1.0  INTRODUCTION 


The  followinj^  paper  is  a  di.^i  )f  measurements  made  fcr  the 

purpose  of  evaluating  the  tra<  k  ratiar  n.  ttie  GEMINI  Spacecraft.  This  work 
was  done  under  the  soonsorshin  of  McDoiiiiell  Aircratt  Corporation,  St.  Louis, 
Missouri. 

The  objective  of  the  study  is  to  obtain  a  facility  capable  of  measuring; 
the  accuracy  of  a  radar  at  about  1400  Me  sec  with  a  few  milliradiaiis 
accuracy.  This  radar  and  the  attached  mockup  require  a  test  aperture  four 
feet  high  by  six  feet  wide. 

The  antenna  range  to  Ik'  used  for  this  measurement  is  situated  at  the 
Physical  Science  Laboratory  of  New  Mexico  State  University.  This  is  an 
outdoor  free  space  type  range  with  the  portion  of  this  range  used  consisting 
of  two  wooden  towers  375  feet  apart  and  constructed  such  that  the  antennas 
being  tested  are  positioned  at  a  height  of  86  feet  above  the  ground.  The 
physical  layout  of  this  range  is  shown  in  Fig.  1. 

The  desired  accuracy  of  the  measurement  is  a  one  milliradian 
angular  accuracy  .  The  steps  necessary  to  obtain  and  prove  this  field  are: 

1. 1  Determine  field  characteristics  requirtd  for  tins  accuracy, 

1. 2  Make  a  study  of  the  environment  to  determine  the  level  of  any 
externally  generated  interfering  signals. 

1.3  Study  the  illuminating  antenna  and  its  compatability  with  the 
range  configuration. 

1.4  Make  experimental  measurements  based  on  this  study  to  obtain 
the  desired  standing  wave  field. 

1.5  Measure  the  phase  front  configuration  to  confirm  that  the  desired 
accuracy  has  been  achieved. 

1.  6  Verifv  the  mechanical  angle  accuracy  of  the  mea;;urement  system. 
2.  0  DETERMINATION  OF  ACCURACY  DESIRED 

The  radar  whose  accuracy  is  to  be  measured  is  basically  two  ortho¬ 
gonal  circularly  polarized  interferometers  with  spacings  of  0.  824 
wavelengths. 

In  order  to  determine  the  phase  front  variation  allowable  to  obtain  a 
measurement  accuracy  of  one  milliradian  it  is  necessary  to  use  the 


interferometer  equation: 

^  _  2-d  sin  6 
\ 

where  X  is  phase  angle  difference  between  the  two  antennas,  6  is  the 
angle  of  incidence  of  the  incoming  wave  and  d  is  the  separation  distance 
of  the  elements  of  the  interferometer.  Since  the  largest  angle  to  be  mear 
sured  (0  )  is  approximately  25“  this  equation  yields  an  allowable  error  in 
X  of  15.85  minutes  for  an  error  in  6  of  one  milliradian  (3.43  minutes). 

For  angles  near  6  =  0“,  the  allowable  error  in  the  phase  front  is  17. 8 
minutes. 

Since  amplitude  measurements  of  the  standing  wave  field  are  easier 
to  make,  it  is  desirable  to  use  this  type  of  measurement  for  any  preliminary 
measurements  required  to  determine  the  configuration  of  the  range  necessary 
to  obtain  the  desired  accuracy.  In  order  to  use  amplitude  measurements, 
it  is  necessary  to  determine  ^e  reflected  signal  level  or  standing  wave  field 
necessary  to  obtain  a  given  accuracy  of  the  phase  front  or  pointing  angle. 

It  can  be  shown  by  use  of  geometric  considerations  and  propagation 
equations  that  the  minimum  extraneous  coherent  signal  level  required  to 
give  an  error  in  pointing  direction  of  an  interferometer  of  one  milliradian 
IS  given  by 

P  ■  20  logxo[2tAn  {2nd  sinC  )j 

where  P  is  the  extraneous  signal  level  in  decibels,  0  is  the  angular  pointing 
error,  and  d  is  the  antenna  spacing  in  wavelengths.  Thus  if  a  reflected 
signal  level  of  -51. 8  db  is  maintained  the  angular  error  will  be  no  longer 
than  one  milliradian. 

3.0  RADIO  FREQUENCY  INTERFERENCE  TEST 

A  radio  frequency  interference  test  was  made  to  determine  if  the  test 
site  environment  was  suitable.  Tliis  was  made  by  recording  all  signals 
received  at  a  test  antenna  over  a  period  of  at  least  24  hours  for  the  test 
frequency  and  for  this  frequency  ±  the  receiver  I.  F.  frequency.  The  antenna 
used  was  a  hybrid  stub  with  hemispherical  coverage  and  mixed  polarization 
as  a  function  of  direction.  Throughout  the  test  periods  the  antenna  was 
rotated  slowly  to  achieve  optimum  reception  of  any  incoming  signal.  With 
a  receiver  sensitivity  of  -80  dbm  no  signals  were  received  during  any  of 
these  tests.  This  R.  F.  I.  signal  level  is  adequate  for  the  measurements. 
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4. 0  ILLUMINATING  ANTENNA  STUDY 

The  illuminating  antenna  used  was  a  10  foot  parabola  fed  with  an 
eight  turn  helix  to  minimize  edge  illumination.  Radiation  patterns  were 
taken  of  this  antenna  to  determine  the  optimum  feed  position.  The  para¬ 
meter  optimized  was  the  sidelobe  level  under  the  restrictive  conditions  of 
a  poiarization  axial  ratio  of  less  than  1. 0  db  and  a  signal  taper  over  the 
aperture  of  less  than  0.5  db.  This  optimum  pattern  is  shown  in  Fig.  1. 

It  can  be  seen  from  Fig.  1  that  if  spectral  reflection  from  the  ground 
is  assumed  there  are  two  reflections  from  the  ground  to  the  test  region. 

These  occur  at  angles  of  approximately  I?"*  and  32®  with  respect  to  the 
illuminating  antenna  coordinates.  At  these  angles  signal  levels  of  approxi¬ 
mately  -37  db  and  -40  db  occur  on  the  pattern.  If  space  loss  differences  due 
to  different  path  lengths  and  reflection  losses  at  the  ground  surface  due  to  a 
wave  hitting  a  dielectric  surface  with  an  assumed  dielectric  constant  to  2. 6 
(dry  Sand)  at  an  oblique  angle  of  incidence  are  taken  into  account,  the  maxi¬ 
mum  reflected  signal  level  which  could  result  from  ground  scatter  is  42  db 
down  from  the  main  signal. 

5, 0  EXPERIMENTAL  ADJUSTMENTS  OF  THE  STANDING  WAVE  FIELD 

In  spite  of  the  low  ground  reflection  levels,  it  was  found  by  measure¬ 
ment  that  the  standing  wave  field  in  the  test  region  was  still  high.  This  was 
caiised  by  the  presence  of  reflecting  elements  in  the  vicinity  of  the  test 
region  such  as  the  protective  railing  around  the  top  of  the  tower,  the  antenna 
rotator,  the  antenna  support  pole  and  other  such  necessary  objects.  In  order 
to  rid  the  field  of  these  objects  as  many  as  possible  were  covered  with  rf 
absorbing  material.  Using  this  technique,  the  amplitude  of  the  measured 
extraneous  signals  was  reduced  to  a  maximum  value  of  -44.  6  db  and  an 
average  value  of  -48. 3  db. 

6.  0  PHASE  FRONT  MEASUREMENTS 

The  variation  in  the  phase  front  across  the  aperture  is  the  parameter 
which  will  ultimately  determine  the  accuracy  of  the  measurement  of  the  radar 
angle.  This  variation  was  therefore  measured  as  a  final  proof  of  the  test 
region.  This  was  done  using  an  interferometer  composed  of  two  left  circular¬ 
ly  polarized  spirals  0.985  wavelengths  (8  inches)  apart.  The  interferometer 
was  set  up  so  that  a  null  appeared  at  a  reference  zero  position.  This  null 
was  frequently  rechecked  during  the  test  periods.  The  zero  null  position  was 
determined  using  a  theodolite  to  position  the  ground  plane  of  the  interfero¬ 
meter  perpendicular  to  the  direction  from  the  phase  center  of  the  illuminating 
antenna  to  the  phase  center  of  the  interferometer.  An  autocolimating  tech¬ 
nique  utilizing  an  optically  flat  mirror  fastened  to  the  ground  plane  of  the 
interferometer  was  the  method  used  to  measure  this  perpendicularity.  In 
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order  to  recheck  this  boresight  uuring  the  tests  a  closed  circuit  TV  with  a 
15-inch  Wolensak  lens  and  internal  reticle  calibrated  in  milliradians  was 
affixed  to  the  interferometer.  For  scanning  in  the  horizonal  direction  this 
interferometer  was  mounted  on  a  remotely  controlled  cart  which  ran  back 
and  forth  on  a  track  composed  of  an  aluminum  I-beam  with  an  adjustable 
track  affixed  to  it.  For  scanning  in  the  vertical  the  interferometer  cart 
system  is  mounted  on  an  adjustable  height  fiber  glass  column  passing 
through  the  center  of  the  azimuth  rotator.  The  calibration  of  this  system 
resulted  in  a  most  probable  measurement  error  for  the  total  system  of 
t58. 2  seconds  in  pointing  direction  or  ±5. 90  minutes  in  phase  front.  Using 
this  instrumentation  the  phase  front  was  measured  over  a  four  foot  high  by 
six  foot  wide  aperture  in  four  inch  increments  vertically  and  four  inch 
increments  horizonally.  The  data  was  taken  by  moving  the  cart  to  a  partic¬ 
ular  position  in  the  field  and  rotating  the  cart  until  the  interferometer  null 
appeared  at  the  detector.  The  angle  at  which  this  occurred  was  measured 
using  a  synchro  system  with  an  accuracy  of  ±25. 1  seconds  (included  in  the 
cart  accuracy  of  ±58. 2  seconds)  and  compared  to  the  predicted  value  of 
rotation  necessary  to  obtain  a  spherical  phase  front  with  its  origin  at  the 
calculated  phase  center  of  the  illuminating  antenna.  These  data  were  then 
reduced  to  a  form  which  gives  the  phase  front  error  as  a  function  of  posi¬ 
tion.  A  contour  plot  representation  of  this  phase  front  is  shown  in  Fig.  2. 

It  was  found  that  the  phase  front  has  a  maximum  error  in  any  one  measure¬ 
ment  (i.  e. ,  for  any  particular  position  of  the  cart  which  would  correspond 
roughly  to  any  particular  position  of  the  radar  being  measured)  of  34.4 
minutes  in  the  phase  front  or  1.93  milliradians  in  radar  pointing  direction. 
The  most  probably  error  in  pointing  direction  for  the  phase  front  is  12.  2 
minutes  or  0. 69  milliradians. 

7.  0  MECHANICAL  ANGLE  ACCURACY 

The  mechanical  angle  accuracy  for  the  radar  measurement  included 
the  necessity  of  maintaining  that  accuracy  in  conjunction  with  the  capability 
of  rolling  the  spacecraft  mockup  containing  the  radar  in  Id^  increments 
about  its  roll  axis.  A  roll  bearing  was  fabricated  for  this  purpose  and  was 
constructed  to  maintain  an  angular  accuracy  in  the  pointing  direction  of  the 
radar  of  ±42.4  seconds  or  0.205  milliradians.  The  angular  orientation  of 
the  radar  for  the  various  directions  for  which  data  were  taken  was  measured 
using  the  same  synchro  system  as  for  the  phase  measurements  with  the 
closed  circuit  TV  system  used  for  a  backup.  For  all  axis  angles  the  TV 
sy  stem  used  targets  positioned  by  the  theodolite  to  an  accuracy  of  ±14.2 
seconds. 

3. 0  CONCLUSIONS 

Using  an  outdoor  free  space  type  of  antenna  range,  the  measurement 
system  which  has  been  obtained  for  measurement  of  the  pointing  angle  of  an 
interferometer  type  radar  has  an  overall  angular  accuracy  characterized 


by  a  most  probable  error  of  0. 648  milliradians.  This  figure  includes  an 
overall  mechanical  accuracy  of  ±42. 4  .'Seconds  and  a  phase  front  error  of 
±12.2  minutes  (most  probable  errors). 

The  configuration  of  the  radar  tested  mount  kI  on  the  front  section  of 
a  GEMINI  mockup  is  shown  in  Fig.  3. 
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PHASE  CONTOURS  VERSUS  AN  IDEALLY  PERFECT  SPHERICAL  PHASE 
FRONT  OVER  A  FOUR  BY  SIX  FOOT  APERTURE 
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DESIGN  AND  EVALUATION  OF  ANTENNAS 
FOR  USE  IN  A  THERMAL  ENVIRONMENT  OF  2000*F 


Godfrey  F.  Buranich 
Cornell  Aeronautical  Laboratory,  Inc. 
Buffalo,  New  York  • 


This  paper  presents  infqrmation  to  aid  in  the  selection  of  materials  for 
ennas  operating  at  high  temperatures.  Experimental  helical  antennas  have 
n  designed  and  fabricated  using  a  variety  of  these  materials  and  the 
ctrical  performance  of  these  assemblies  have  been  measured  at  room 
iperature  and  at  elevated  temperatures.  No  significant  degradation  has 
n  noted  due  to  the  reduced  electrical  conductivity  of  the  metals  used  or  to 
thermal  environment.  Experimental  data  is  presented  in  support  of  these 
elusions.  Other  antenna  models  are  being  fabricated  for  evaluation  of 
itional  designs.  The  paper  also  outlines  the  oxidation  resistance  properties 
dgh  temperature  materials  and  the  performance  of  present-day  protective 
tings. 

Experimental  data  compiled  in  an  investigation  of  temperature  effects 
:he  power  handling  capability  of  microwave  devices  is  also  presented. 

A  review  of  the  reentry  environment  to  bt  experienced  by  various 
ides  requiring  hot  antennas  is  presented  and  an  outline  of  applicable  ablati  n 
radiation  heat  protection  methods  is  given. 

The  purpose  of  this  investigation  is  to  compile  handbook  information 
ful  for  the  design,  fabrication  and  evaluation  of  high  temperature  antennas. 
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HIGH  TEMPERATURE  METALS 


Metals  for  use  at  high  temperatures  can  be  categorized  into  four  gener 
groups.  These  are  steels,  titanium  alloys,  super  alloys,  and  refractory  meta 
alloys.  Steels  and  titaniur'  alloys  lose  much  of  their  strength  at  temperature 
less  than  1000*F,  while  )er  alloys  may  be  considered  for  applications 
requiring  strength  at  2000*F.  Refractory  metals  can  be  used  in  thermal  envir 
ments  up  to  about  4500*F  and  are  generally  stronger  than  super  alloys  at  1800 
The  upper  temperature  limit  of  each  of  these  materials  is  dictated  by  the  strer 
requirements  in  the  proposed  application,  hy  other  characteristics  which  inclu 
fabricability,  oxidation  resistance,  cost  and  weight,  and  by  the  peak  value 
and  duration  of  the  high  temperature  environment  .  Figure  1  shows  curves  of 
the  strength/temperature  relationships  of  the  above  groups  of  metals.  The 
sui>eriority  of  the  super  alloys  at  temperatures  above  1000®F  is  clearly  eviden 
as  is  the  superiority  of  the  refractory  metals  above  2000*F. 

The  choice  of  materials  for  use  at  about  2000*F  is  more  complex  since 
inherently  oxidation -resistant  super  alloys,  which  are  also  attractive  becaus  e 
they  can  be  fabricated  readily  using  conventional  methods,  have  inferior 
strength  characteristics  compared  to  the  refractory  metals.  Refractory  metal 
however,  require  controlled-atmosphere  chambers  for  welding  operations  and 
must  be  provided  with  protective  coatings  to  prevent  catastrophic  oxidation  at 
high  temperatures. 

Figure  1  shows  the  increased  strength  and  elevated  temperature  capabil 
alloyed  metals  as  compared  to  the  pure  metals.  Generally  alloys  lose  signifi¬ 
cant  strength  at  a  temperature  of  about  50%  of  their  melting  point.  It  is  to  be 
noted  that  new  alloys  are  being  continuously  developed  for  increased  strength 
at  elevated  temperature  but  such  extensions  are  generally  made  at  the  expense 
of  the  ease  of  fabrication  and  ductility  of  the  metal.  The  competing  strength-de 
characteristics  of  representative  metals  useful  at  2000*F  is  shown  in  Figure  2. 
The  nickel  alloys  such  as  Rene  41  and  Haynes  25,  which  contain  refractory  met; 
elements,  retain  strength  to  higher  temperatures  than  those  without  these  elemc 
such  as  the  Inconel  alloys.  Inconel  metals  lose  most  of  their  strength  at  1500- 

laoo’F. 
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Figure 


Figure  i  TENSILE  STRENGTHS  OF  METALS  AND  METAL  ALLOYS 

Courtesy  Johns  Hopkins  University 


2  COMPARISON  OF  SUPERALLOYS,  REFRACTORY-METAL  ALLOYS,  AND  COMPOSITES 
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In  the  selection  of  metals  for  high  temperature  use  it  is  therefore 
necessary  to  use  refractory  metals  above  ZODO^F  if  high  strength  is 
required.  Tantalum  p-nd  columbium  refractory  metals  are  preferred 
because  they  are  ductile  at  room  temperature  and  use  conventional 
machining  operations,  although  brazing  and  welding  must  be  done  in  a 
nonoxidizing  atmosphere.  Protective  coatings  usable  to  3000*F  for  short 
times  have  been  developed.  Molybdenum  has  been  investigated  to  a  great 
extend  but  this  material  requires  special  facilities  and  techniques  for 
machining  and  fabrication  operations  because  it  is  brittle  at  room  temperature. 
Protective  coatings  have  been  developed  for  molybdenum  for  use  to  3000®F. 

At  temperatures  below  2000*F  the  super  alloys  have  adequate  strength 
and  inherently  good  oxidation  resistance.  However,  those  super  alloys  having 
the  highest  strength  at  elevated  temperatures  are  often  precision  cast  into 
parts  because  of  fabricability  problems. 

Composite  Materials  .  .  i 

Composite  materials  are  mixtures  of  high  strength  materials  (usually 
oxides  or  refractory  metals)  and  metals  with  low  melting  points.  A  composite 
material  is  of  interest  because  it  retains  strength  to  a  temperature  which 
approaches  80%  of  the  melting  point  of  its  metal  matrix.  Composite  techniques 
have  extended  the  useful  temperature  range  of  oxidation  resistant  metals. 

Typical  of  composite  materials  are:  TD  nickel,  which  consists  ot  sub-micron¬ 
sized  particles  of  thoria  in  a  nickel  matrix;  a  silver  composite,  which  uses 
whiskers  of  alumina  in  a  silver  matrix;  and  a  chromium  matrix  with  dispersed 
magnesium  oxide.  Of  these  three,  TD  nickel  is  the  most  useful  and  available 
to  date.  Its  continued  development  by  the  DuPont  Corporation  has  resulted  in 
a  compilation  of  considerable  data  regarding  its  strength,  oxidation  resistance 
and  fabrication  methods.  NASA  has  also  conducted  an  evaluation  program  on 
this  material  because  of  its  usefulness  at  1800  to  24C0®F.  TD  nickel  has  strength 
which  exceeds  that  of  the  super  alloys  above  2000®F,  and  it  retains  good  strength 
at  2400*F  which  is  about  90%  of  the  melting  point  of  nickel.  The  dispersed 

4 
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thoria  is  radioactive  but  if  ingestion  is  avoided  (this  hazard  is  particularly 
likely  in  dry-grinding  operations),  no  personnel  exposure  hazard  exists. 

Investigations  of  a  composite  consisting  of  alumina  whiskers  in  a 
silver  matrix  have  shown. that  this  material  retains  much  of  its  strength  to 
140C*F  even  though,  silver  has  a  melting  point  of  1760*F.  Investigations  are 
continuing  to  combine  alumina  whiskers  with  a  nickel  alloy  matrix  as  a 
composite  material  superior  to  TD  nickel,  which  will  retain,  strength  (and 
oxidation  resistance)  to  a  temperature  approaching  the  melting  point  of  nickel 
(2650*F).  Growing  of  the  whiskers  and  proper  wetting  of  the  whiskers  by  the 
matrix  are  two  current  problems  which  are  impeding  progress  in  this  program. 

A  chromium  matrix  containing  magnesium  oxide  particles  is  a 
composite  material  having  good  oxidation  resistance  and  a  high  melting  point 
(2700 'F).  Tests  by  NASA,  however,  have  found  it  to  be  non-competitive  with 
other  materials  on  a  strength  basis,  its  oxidation  was  rapid  above  2200*F,  and 
the  oxide  coating  spalled  upon  cooling. 

PROTECTIVE  COATINGS 

Oxidation  resistance  is  that  characteristic  of  a  material  which  enables 
it  to  tetain  a  uniform  (or  slowly  varying)  weight  while  exposed  to  oxygen  at 
high  temperature.  Oxidation  is  a  process  which  causes  a  material  to  pro¬ 
duce  ai  oxide  powder  or  film  on  its  surface.  As  a  result  there  occurs  a  thinning 
of  the  base  material  and  an  obvious  reduction  of  strength.  In  an  extreme  case 
this  process  of  oxidation  is  similar  to  combustion.  Such  catastrophic  failure  of 
a  structural  member  of  a  vehicle  can  occur  after  damage  to  its  oxidation - 
resistant  protective  coating.  For  this  reason  materials  having  at  least  limited 
oxidation  resistance  are  strongly  preferred  for  use  at  high  temperatures  in 
place  of  those  which  depend  wholly  on  a  protective  coat. 

Initial  oxidation  of  a  clean  material  is  relatively  rapid  until  an  oxide 
film  is  formed.  This  film  then  forms  a  partially  protective  coating  and  subsequent 
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oxidation  proceeds  much  more  slowly  and  may  eventually  become  nil. 

At  temperatures  which  are  beyond  the  oxidation  resistance  capability 
of  a  material,  this  reduced  oxidation  rate  and  the  attainment  of  a  constant 
weight  is  not  reached.  The  material  in  such  an  environment  continues  to 
oxidize  (rapidly)  until  it  is  entirely  consumed. 

Figure  3  shows  the  relative  oxidation  resistance  of  representative 
super  alloys  at  2000*F  based  on  a  weight  gain.  The  depth  of  oxide  penetratio 
into  the  metad  is  sometimes  used  as  a  measure  of  oxidation.  Oxidation 
resistance  of  representative  Inconel  metals  based  on  oxidation  penetration 
is  shown  in  Figure  4.  The  initial  oxide  penetration  into  these  metals  is  showi 
to  remain  essentially  constant  for  various  temperatures  which  are  greatly  in 
excess  of  the  temperatures  at  which  Inconel  retains  useful  strength. 

Oxidation  protection  may  be  provided  for  assemblies  ucing  nonoxidatic 
resistant  materials  by  spraying  on  a  protective  coat  of  alumina.  Alumina  has 
attractive  high*temperature  features  for  this  purpose  but  it  has  porosity,  and 
oxidation  of  the  underlying  metal  will  occur,  although  at  a  slow  rate.  Such  a 
reduced  rate  of  oxidation  may  be  acceptable  for  some  applications.  In  fact 
flame  spraying  technology  has  been  developed  to  such  an  extent  that  almost  an 
material  can  be  processed.  Current  investigations  are  being  made  of  this 
technology  for  the  protection  of  a  base  nhetal  against  oxidation  at  high  temper¬ 
atures.  Spalling  and  peeling  occur  between  materials  having  grossly  unmatc 
thermal  expansions.  Application  of  a  protective  coating  with  a  spraying  proc« 
has  the  additional  advantage  that  large  assemblies  can  be  coated,  and  that 
repairs  of  damaged  items  can  be  made. 

The  use  of  nonoxidizing  precious  metala  such  as  gold  or  platinumjas  a 
plating  or  claddi.ng  on  high  strength  materials  provides  only  limited  protectioi 
because  of  the  diffusion  of  such  coatings  into  the  base  metal  with  time  and 
temperatures.  Unmatched  thermal  coefficients  of  expansion  between  metals 
become  a  problem  if  extreme  temperature  ranges  are  encountered.  Quantita 
data  on  the  performance  of  such  coatings  (and  coatings  of  palladium  and  rhodit 
have  not  been  found.  Platinum  coatings  may  yet  however  prove  to  be  useful. 
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Figure  3  OXIDATION  RESISTANCE  <  2000 *F 
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Figure  4  OXIDATION  RESISTANCE  OF  INCONEL 
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The  increasingly  more  rapid  weight  gain  of  a  material  exposed 
temperatures  above  its  oxidation-resistant  capability  is  shown  in  Figux 
for  selected  refractory  metals.  (Volatility ,  of  oxidation  products  of  so 
materials  will  cause  a  correspondingly  rapid  decrease  of  weight). 

The  application  of  protective  coatings  to  refractory  metals  reqt 
special  facilities.  The  material  to  be  coated  must  be  subjected  to  ^  hi{ 
temperature,  and  sometimes,  simultaneously  to  a  vacuum.  Most  facil: 
can  accommodate  only  small  items.  Several  types  of  coatings  have  bee 
developed  and  provide  oxidation  resistance  without  undue  degradation  oi 
physical  properties  of  the  base  metal.  Of  these,  the  most  promising 
the  chrome-titanium-silicide  coating  of  Thompson  Ramo  Wooldridge  foi 
columbium,  and  the  tin-aluminum  coating  of  General  Telephone  and  Ele 
for  tantalum.  A  peculiarity  of  most  of  the  coatings  requires  that  the 
evaluated  at  various  pressures  and  temperatures  to  insure  that  no  degrs 
performance  exists  within  the  entire  environmental  range  which  may  be 
encountered  in  an  application.  Experience  to  date  has  shown  that  some 
provide  protection  for  extended  periods  of  time  at  temperatures  in  exce: 
2500*F,  but  provide  littls  protection  at  1800*F.  Other  coatings  have  be 
to  vaporize  in  a  low-pressure  environment,  and  therefore  have  short  lif 
elevated  temperatures  at  such  pressures.  Figure  6  shows  the  protectiv< 
a  typical  coating  as  a  function  of  temperature. 

The  coating  of  threaded  fasteners  remains  a  problem  because  co« 
build  up  in  nonuniform  fashion  on  various  parts  of  the  thread. 
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METAL  TO  DIELECTRIC  SEALS 

High -altitude  operation  of  high-power  antenna  systems  requires  the 
use  of. metal /dielectric  seals  .  The  thermal  expansion  of  materials  is  of  it 
portance  in  glass-  and  ceramic-to-metal  seals.  Seals  of  these  types  are  g 
made  with  a  chemical  bond  which  is  produced  when  the  materials  are  placet 
in  contact  and  heated  to  a  high  temperature.  If  the  thermal  expansion  of  the 
materials  is  matched,  no  stresses  will  be  created  at  the  joint  during  cooling 
If  an  unequal  thermal  expansion  does  exist,  a  tensile  or  compressive  stress 
exist. and  may  result  in  the  rupture  of  the  weaker  material.  Since  ceramics 
have  much  greater  strength  in  compression  than  they  do  in  tension,  an  extei 
seal,  i.e..  ceramic  surrounded  by  metal,  is  a  preferred  type  of  seal.  Met 
having  a  greater  thermal  expansion  coefficient  than  ceramics  will,  upon  coo 
place  the  ceramic  into  compression  in  such  an  assembly.  The  thermal 
expansion  coefficient  mismatch  which  can  be  accommodated  is  limited  to  the 
stresses  which  such  materials  can  survive.  Large  differential  expansions  c 
be  accommodated  only  by  allowing  the  metal  to  deform. 

Figure  7  shows  the  thermal  expansion  of  representative  high-temper, 
metals  and  common  ceramics.  Columbium,  beryllia  and  alumina  have  close 
matched  thermal  expansion  properties.  Mullite  and  molybdenum  are  also  cl 
matched.  Generally,  the  published  information  on  the  thermal  expansion  of 
ceramics  is  an  average  value  from,  which  considerable  deviation  can  be  expe' 
Figure  8,  for  example,  shows  the  spread  of  values  obtained  in  comparing  da 
gathered  by  various  investigators  on  materials  supplied  by  a  number  of  orga; 
zations. 

The  initial  process  in  producing  a’ ceramic -to-metal  seal  requires 
metallizing  of  the  ceramic.  The  most  common  method  is  the  molymanganest 
process,  which  consists  of  painting  a  ceramic  surface  with  a  mixture  of  rnob 
denum  and  manganese.  Subsequent  firing  bonds  this  metal  to  the  ceramic.  ( 
pure  alumina  this  bond  will  survive  temperatures  of  2600*  to  3000*F  in  a  non 
oxidizing  atmosphere.  The  conventional  brazing  operation  which  joins  this 
metallized  ceramic  to  a  metal  uses  brazing  materials  of  low  melting  points, 
this  is  the  reason  that  present-day  widely  used  seals  are  limited  to  about  170 
Brazes  with  higher  melting  points  have  been  developed  and  some  seals  are  nc 
capable  of  withstanding  temperatures  to  2700*F.  This  high-temperature  seal 
employs  a  palladium  metal  braze  to  join  columbium  to  a  tungsten  metallized- 
alumina  ceramic. 
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Figure  7  THERMAL  EXPANSION  OF  MATERIALS 
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Figure  8  THERMAL  EXPANSION  OF  ALUMINA  -  SPREAD  OF  VALUES 

11 


ELECTRICAL  PROPERTIES 


The  electrical  properties  of  materials  which  are  of  importance  in  the  ' 
design  of  microwave  antennas  are  the  conductivity  of  metals,  and  the  dielectric 
constant  and  loss  factor  of  dielectrics.  Figure  9  shows  the  resistivity  and 
its  variation  with  temperature  of  representative  metals  and  compounds. 

Figure  9  also  shows  the  theoretical  attenuation  of  S-band  wave -guide  which  is  made 
of  metals  of  various  resistivities.  Since  the  microwave  attenuation  occurs  in 
the  skin  layer  of  conductors,  the  protective  coating  (three  to  seven  mils  thick) 
applied  to  refractory  metals  is  a  more  important  factor  than  the  base  metal. 
Molybdenum  disilicidt  is  one  such  material  for  which  (contradictory)  data  is 
available.  (High-temperature  resistivity  values  range  from  80  to  250 
microhm-cm).  It  has  good  oxidation  resistance  to  3000°F.  It  is  to  be  noted 
that  the  resistivities  listed  are  DC  values  and  that  the  microwave  values 
may  be  appreciably  diffeient  especially  for  materials  which  employ  powder- 
metallurgy  fabrication  techniques.  Among  these  is  a  new  material,  Carborundum's 
Boride  Z,  w/hich  is  10%  molybdenum  disilicide  and  90%  zirconium  diboridC: 
and  which  has  oxidation  resistance  to  3600°F,  making  it  suitable  for  possible 
use  on  hypersonic  vehicles.  It  has  a  room  temperature  resistivity  similar 
to  the  refractory  metals. 

In  view  of  the  small  electrical  loss  introduced  by  metals  having  relatively 
large  resistivities,  the  use  of  1. igh-temperature  metals  for  antennas  wull  not 
seriously  affect  their  electrical  nerformance. 

Figure  10  presents  the  temperature  characteristics  of  the  electrical 
properties  of  high-purity  alumina  and  fused  quartz.  The  increasing  dielectric 
constant  and  the  rapid  increase  of  the  loss  factor  occur  for  all  the  common 
ceramics,  with  the  degree  of  slope  varying  among  materials  having  different 
purities.  A  loss  tangent  of  O.Ol,  which  i?  the  high-temperature  value  of  typical 
ceramics,  is  the  same  value  which  plastic  radome  materials  have  at  room 
temperature.  Little  importance  is  therefore  attached  to  the  increased  loss 
tangent  of  ceramics  at  high  temperature.  The  significant  increase  in  the  value 
of  dielectric  constant  with  temperature  more  critically  effects  the  electrical 
performance  of  antennas.  An  antenna  using  a  ceramic  window  normally  incor-  in, 
porates  matching  devices  to  compensate  for  it.  The  change  of  dielectric  constant^ 
will  therefore  change  the  VSWR  of  the  assembly. 
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Figure  9  RESISTIVITY  v$  TEMPERATURE 
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Figure  10  HIGH  TEMPERATURE  PROPERTIES  OF  DIELECTRICS 
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\NTENNA  DESIGN  AND  TEST 


The  antenna  range  at  the  Wright- Patterson  Air  Force  Base  was  used  to 
compare  the  electrical  performance  of  helical  antennas  made  of  conventional 
and  high-temperature  materials.  Specific  measurements  were  made  to  compar 
the  radiation  efficiencies  of  identical  antennas  made  of  different  metals. 
Additional  tests  were  made  on  nichrome  and  tantalum  antennas  to  determine  an) 
changes  in  electrical  performance  produced  by  a  2000' F  thermal  environment.' 

The  thermal  test  environment  is  produced  by  silicon-carbide  heating 
elements  inserted  into  a  concrete  or  brick  radome  containing  the  antenna  under 
test.  Two  types  of  thermal  radomes  have  been  used.  One  was  made  of  castabb 
concrete  which  was  formed  in  matched  molds.  A  second  model  was  machined 
from  fire  brick.  Both  had  a  wall  thickness  of  1.  5  inches.  Figure  11  shows  the 
fire-brick  radome /silicon-carbide  heating  element  combination.  The  advantage 
of  the  concrete  or  brick  radomes  lies  in  the  fact  that  little  heat  escapes  from  th 
enclosure  and  therefore  a  few  kilowatts  of  electrical  power  are  sufficient  to  attaii 
and  maintain  a  2000*F  environment.  The  globar  elements  distort  the  radiation 
pattern  of  the  test  antenna  and  the  radome  introduces  loss  which  varies  with 
temperature.  These  modifying  influences,  however,  can  be  readily  separated 
from  the  effects  produced  by  temperature  on  the  electrical  performance  of  the 
antennas. 

Helical  antennas  characteristically  have  an  elliptical  polarization.  In  oi 
to  compare  the  efficiences  of  such  antennas,  radiation  patterns  were  plotted 
automatically  for  two  orthogonal  polarizations  for  each  of  two  mutually  perpen¬ 
dicular  elevation,  planes.  The  total  area  enclosed  within  these  four  radiation 
patterns  is  proportional  to  the  antenna  efficiency.  A  comparison  of  the  total 
area  of  each  of  the  helical  antennas  therefore  was  used  as  a  measure  of  the 
relative  efficiency  of  antennas  made  of  different  rnaterials.  Figure  12  shows  th 
type  of  helical  antenna  used  in  these  tests. 

Table  1  lists  the  total  areas  enclosed  by  the  radiation  patterns  of 
antennas  made  of  copper,  stainless  steel,  nichrome  and  tantalum.  The  tantalur 
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antenna  had  a  tin-aluminide  high-temperature  protective  coating.  The  metals 
have  room  temperature  resistivities  of  2,  70,  120,  and  20  microhm-cm, 
respectively.  The  resistivity  of  the  protective  tin-aluminide  coating  (approxi¬ 
mately  3  mils  thick)  is  not  known.  An  inspection  of  the  data  shows  that  a  metal 
having  a  resistivity  as  high  as  120  microhm-cm  has  no  noticeable  effect  on  the 
performance  of  these  antennaa  and  this  finding  is  in  agreement  with  a  theoretical 
analysis  developed  by  Ramo  and  Whinnery.  (The  low  efficiency  of  the  coated 
tantalum  antenna  is  attributed  to  mechanical  difficulties  with  the  connector. ) 

TABLE  I 

Comparison  of  Radiation  Pattern  Areas 


Antenna  Material 

Area 

Copper 

25 

Stainless  Steel 

24.4 

Nichrome 

25.4 

Tantalum  (Coated) 

20.8 

A  simple  method  used  to  determine  the  effect  of  temperature  on  the  electrical 
performance  of  antenna  consisted  of  mounting  the  radome  and  the  heating  element 
on  a  ground  plane,  with  an  opening  for  inserting  the  antenna  accessible  from  under 
neath.  The  heating  elements  in  the  radome  are  turned  on  until  the  assembly 
stabilizes  at  the  test  temperature  of  2000® F,  and  a  remote  pickup  horn  is  positions 
above  the  housing  (for  testing  an  endfire  broadbeamed  antenna).  The  signal 
strength  is  recorded  as  a  function  of  time  after  insertion  of  the  cold  antenna  into 
the  hot  housing.  A  small  metal  assembly,  such  as  helical  antenna,  will  rapidly 
(perhaps  in  one  minute)  reach  the  temperature  maintained  in  the  thermal  eaclosur 
Thus,  any  signal  strength  variation  detected  during  this  short  interval  of  time  can 
be  considered  a  thermal  effect  on  the  antenna  performance.  Tests  made  in  this 
fashion  on  a  nichrome  and  a  coated  tantalum  antenna  showed  no  significant  therma 
effects  on  antenna  performance  at  2000®F. 
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VSWR  measurements  iis.r.g  th  s  same  techr.que  of  noting  electrical 
performance  as  a  function  of  time  after  rsert  cr  of  a  cold  antenna  into  a  hot 
radome  are  yet  to  be  made.  Mcn  tcrrrg  the  irc.dent  and  reflected  energy  in 
the  antenna  feed  l:ne  appears  to  be  a  method  \>'h:oh  can  be  readily  instrumented. 
The  use  of  a  swept-frequenc y  reflectcmeter  s  part  cularly  appropriate  for  this 
use. 

Several  other  types  of  antennas  are  be  rg  fabricated  and  will  be  evaluated 
in  a  thermal  environment  up  «’o  2000  F  Ore  cf  these  is  an  open-ended  columbium 

waveguide  sealed  with  an  alumina  wtr.dow.  This  assenribly  will  serve  to  provide 
experimental  data  useful  for  dccument.rg  the  selection  of  materials,  sealing 
procedures  and  the  compatibility  cf  fabricatior  fhods  with  assemblies  requiring 
ceramic -to -metal  seals  and  a  protective  coat  rg  Relatively  limited  performance 
of  this  assembly  in  thermal  shock  is  cne  problem  becoming  evident.  A  flexible 
seal  using  a  fused  silica  window  w;ll  be  nve^t  gated  further. 

A  planar  spiral  antenna  is  be  rg  fabricated  using  alumina  dielectric  as  a 
substrate  with  copper  plating  fcr  ccrductors.  The  copper  will  be  overplated 
with  gold  tor  oxidation  protection.  This  c  .mbir.ation  is  expected  to  be  useful 
to  1700*F.  Fired-on-platir.um  paste  conduct:  rs  or.  alumina  will  extend  this  range 
to  2300*  F.  Flame- sprayed  alumina  will  be  e  .  aiaated  for  enhancement  of  the 
power  handling  capability  of  the  sp^ra:  arter.ra  Present  experiments  are  using 
silk  screening  of  platinum  paste  or  fused  s  l.ca  which  is  useful  to  1700-1800*F. 

The  use  of  this  material  will  also  shed  I  ghi  or.  the  importance  of  loss  in  the 
substrate  material.  There  is  rearcr  to  bel  eve  that  very  low-loss  material  such 
as  fused  quartz  will  result  'n  VSWR  flurtua^  crs  berause  of  unattenuated  reflec¬ 
tions  from  the  ends  cf  the  sp  ra..  It  agreed  that  c  or.vent’cnal  lew-loss  plastics 
have  sufficiently  greater  ic  j  s  <  nripared  t:  fj-ed  quartz  that  such  reflections  are 
decreased  and  do  net  affect  the  VSWR 
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POWER  HANDLING  CAPABILITIES 


♦ 

The  possible  degradation  of  the  power  handling  capability  of  an  antenna 
in  a  hot  thermal  environment, as  a  function  of  temperature  and  the  material 
from  which  the  antenna  is  fabricated,  is  being  experimentally  determined.  Power 
breakdown  tests  are  being  performed  in  a  waveguide  assembly  ir>  which  samples 
of  selected  materials  are  heated  to  a  temperature  of  ZOOG^F.  Power  handling 
tests  of  materials  are  being  performed  in  this  manner  in  order  to  avoid  the 
modifying  influence  of  dielectric  supports,  feeds  and  other  physical  pecularities 
of  antenna  assemblies,  and  to  also  avoid  the  added  complexity  of  having  to  design 
a  suitable  chamber  for  maintaining  the  antenna  at  2000“F  while  it  is  simultaneously 
contained  in  a  vacuum. 

Figure  13  shows  the  experimental  set-up  used  for  the  breakdown  tests. 
S-band  microwave  power  of  about  1  kw  peak  is  coupled  to  the  test  section  enclosed 
by  fire  bricks.  Silicon- carbide  heating  elements  inserted  into  the  brick  structure 
provide  the  necessary  heat  using  a  60-cycle  power  input  of  3  to  4  kw.  A  chromel^ 
alumel  thermocouple  is  used  for  temperature  measurements  and  it  also  provides 
an  input  to  circuitry  which  automatically  controls  the  heating  current  to  maintain  ^ 
a  selected  temperature  at  the  test  point.  The  thermal  drop  along  the  test  section 
(a  12-inch  long  tantalum  waveguide  suitably  coated  for  use  at  3000°F)  is  rapid 
enough  to  allow  the  use  of  copper  waveguides  for  adjacent  sections.  Cooling  coils 
are  soldered  on  thtye  copper  waveguides  to  insure  the  existence  of  suitable  low 
temperatures  at  the  conventional  waveguide  windows  located  at  the  next  flange 
assembly.  A  one-millicurie  Cobc\t-60  radioactive  source  is  positioned  on  the  test 
waveguide  during  breakdown  measurements  to  give  repeatability  to  the  measure¬ 
ments.  It  is  usually  argued  that  breakdown  occurs  when  a  suitable  ionising  particle 
(from  background  ionization  present  'n  the  laboratory)  enters  the  waveguide 
during  the  presence  cf  the  pulsed  microwave  energy.  Since  such  coincidence  occurs 
very  infrequently,  the  experimental  procedure  of  slowly  increasing  the  microv/ave 
power  until  breakdown  occurs  results  in  impressing  power  above  the  breakdown 
threshold  before  this  coincidence  occurs.  A  spread  of  breakdown  values  is 
obtained  in  repeated  tests.  Investigators  have  shown  that  a  given  power  setting 
may  have  to  be  maintained  for  an  hour  or  more  before  readjusting  it  to  a  higher  ^ 
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Figura  13  POWER  HANDL INS  TESTS 
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level  tr  msure  that  the  inherent  power •handlit>.g  capability  of  a  device  is  not 
being  exff'f’  ied.  If  a  radioactive  source  is  used,  the  frequency  of  background 
loniriny.  e  vents  is  greater  and  repeatable  breakdown  readings  nriay,  be  taken 
a  I  ;  if-r  ilfi  of  less  than  one  minute. 

Brcal  'iowh  tests  were  run  on  a  waveguide  in  which  two  hemispheres 
0,  )nche8  in  radius  were  located  on  the  centerline  of  the  broad  wall  and 
spaced  to  produce  an  electrical  match.  Copper  hemispheres  at  room  tempera 
tiire  had  a  power  -  handling  versus  pressure  characteristic  as'  shown  in  Figure 
Minimum  power  handling  occurs  at  a  pressure  of  about  2  mm  Hg  and  the  powe: 
handling  capability  rapidly  increases  with  increasing  pressure.  The  figure 
i  so  shows  that  at  higher  temperatures,  approximately  the  same  minirnum 
power-handling  capability  is  noted  except  that  it  occurs  at  higher  pressures. 

7  his  characteristic  is  in  agreement  with  theory  which  states  that  power  handli 
is  a  function  of  gas  density.  The  density  which  exists  at  a  selected  pressure 
at  room  temperature  can  be  reached  at  high  temperature  only  by  increasing 
the  pressure.  This  cold-  (26*C)  to-hot  pressure  ratio  is  proportional  to 
293/T  where  T  is  the  hot  temperature  in  degrees  Kelvin.  A  curve  is  shown 
for  the  assembly  after  cooling  to  ISO'F  to  indicate  the  degree  of  experimental 
stability  which  existed  over  the  testing  interval.  Considerable  warping  of  the 
test  section  occurred  during  the  heating  operation  and  may  explain  the  dis¬ 
crepancy  noted.  Hemispheres  made  of  TD  nickel  produced  similar  performan 
with  temperature. 


RE-ENTRY  ENVIRONMENT 


The  hot  thermal  environment  experienced  by  antennas  on  re-entry 
vehicles  varies  appreciably  among  vehicles',  trajectories  and  with  location 
on  the  vehicle.  The  generated  heat  is  the  result  of  the  decreased  kinetic 
energy  of  a  vehicle  as  it  decelerates  during  atmospheric  entry.  A  lunar 
re-entry  vehicle  (having  a  velocity  of  36,  000  ft/sec)  has  an  energy  content 
of  26,  000  BTU/lb,  and  an  ICBM  has  an  energy  content  of  10,  000  BTU/lb. 

The  efficiency  of  conversion  of  kinetic  energy  into  re-entry  body  heating  is 
relatively  efficient  (80%)  at  altitudes  above  300,000  feet  and  is  relatively  in¬ 
efficient  (1%)  at  an  altitude  of  150,000  feet.  Because  little  kinetic  energy 
is  lost  at  high  altitudes,  most  of  the  heating  occurs  at  an  inefficient  rate.  The 
extremely  rapid  atmospheric  entry  of  an  ICBM  results  in  a  relatively  low  total 
heat  input  into  the  body,  but  such  a  vehicle  encounters  very  large  decelerations 
and  extremely  high  heating  rates.  The  manned  re-entry  vehicle  must  be 
designed  to  limit  re-entry  deceleration  within  the  tolerance  of  the  human 
occupant.  Heating  time  in  such  a  trajectory  is  at  a  low  rate  but  long  and  the 
total  heat  input  is  higher  than  would  have  been  experienced  in  a  faster  re-entry. 
The  highest  heating  rates  are  at  the  stagnation  point  of  the  vehicle  with  as  little 
as  1%  of  this  value  existing  at  the  back  of  the  vehicle,  which  is  shielded  from 
the  oncoming  flow  by  other  sections  of  the  body.  It  is  estimated  that  5x  10^  BTU 
are  transferred  to  a  blunt  re-entry  vehicle.  Radiative  and  ablative  techniques 
are  used  to  protect  the  vehicle  from  excessive  heating  The  radiative  system 
is  capable  of  re -radiating  an  unlimited  amount  of  heat,  but  metals  cannot  with¬ 
stand  heating  rates  in  excess  of  about  90  BTU/ft^-sec.  Since  heating  rates  an 
order  of  magnitude  higher  than  this  exist  on  portions  of  a  re-entry  vehicle, 
ablative  coatings  must  be  used.  Various  types  of  plaotics  auid  quartz  are  used 
for  this  purpose.  These  materials  dissipate  several  thousand  BTU  per  pound 
and  can  withstand  all  expected  heating  rates.  Since  there  is  a  practical  limit  on 
the  weight  of  ablators  which  can  be  carried  cn  space  vehicles,  sufficient  ablation 
material  is  used  only  to  protect  the  areas  of  vehicles  which  undergo  high  heating 
rates.  A  combination  of  ablators  and  high-temperatufe  materials,  i.e.  , 
refractory  metals,  super  alloys  and  ceramics,  has  been  found  to  produce  the 
most  lightweight  heat-protection  system. 
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Figure  15  ehows  the  temperature  distribution  expected  on  the  ASSET  vehicl 
and  indicates  the  environment  which  will  be  encountered  by  antennas  as  a 
function  of  their  location  on  such  a  vehicle.  If  ablation  protection  is  requir 
the  antenna  will  be  required  to  transmit  through  a  "radome"  whose  thicknei 
will  vary  with  time  during  re-entry. 

Thermal  shock  is  a  problem  encountered  by  antenna  windows.  The 
thermal  shock  to  be  expected  is  of  such  a  severe  nature,  that  beryllia  - 
a  material  exhibiting  good  thermal  shock  characteristics  due  to  its  high 
thermal  conductivity  --  will  probably  fracture.  Recent  studies  have  shown 
that  low  thermal  expansion,  a  unique  characteristic  of  fused  quartz,  may  b< 
a  necessary  characteristic  for  extreme-thermal -shock  survival. 

Figure  16  represents  the  thermal  loads  experienced  by  an  Apollo  ty] 
re-entry  yehicle.  The  short  time  of  high  flux  input  emphasizes  the  suitabil 
ablation  protection  for  the  period  of  time  during  which  the  re -radiation  cap< 
of  metals  is  exceeded. 

The  X-15A-2  is  made  largely  of  Inconel  metal, and  an  upper  tempera 
limit  of  1200*F  is  being  provided  through  the  use  of  ablation  coatings.  Thii 
coating  (T-500)  is  applied  in  varying  thicknesses  up  to  0.6  inches.  Unprote 
skin  temperature  would  approach  2000*F  or  higher  over  much  of  the  forwar 
fuselage. 


OSU-RTD  Symposium  on  EK-;ctromagnetic  Windows,  June  1964. 
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DESIGN,  EVALUATION  AND  PERFORMANCE  OF  MODERN  MICROWAVE 
ANECHOIC  CHAMBERS  FOR  ANTENNA  MEASUREMENTS  # 


Elery  F.  Buckley 
Emerson  &  Cuming,  Inc. 


Microwave  anechoic  chambers  are  currently  in  use  for  a  great  variety 
of  indoor  measurements  on  antennas,  antenna  systems,  and  associated  radomes 
as  well  as  for  the  study  of  the  radar  cross-section  of  a  host  of  materials  and 
targets.  There  are  three  distinct  types  of  measurement  performed  routinely. 
As  discussed  in  some  detail  in  Reference  I,  these  are 

1)  Antenna  pattern  measurements 

2)  Radar  cross-section  measurements  of  passive  or 
active  targets 

3)  Antenna-impedance,  antenna -coupling  or  antenna- 
RFI- compatibility  measurements. 

Antenna-pattern,  boresight  and  radome  work  involve  operation  of  the  chamber 
with  one-way  energy  propagation  only.  The  prime  requirement  is  that  an 
appropriate  transmitting  antenna  at  one  location  within  the  chamber  set  up  an 
essentially  plane-wave  field  throughout  another  volume  of  the  chamber  of 
dimensions  sufficient  to  encompass  the  antenna  or  array  whose  characteristics 
are  to  be  measured.  This  volume  is  frequently  referred  to  as  the  quiet  zone, 
and  its  "quietness"  or  reflectivity  level  is  evaluated  by  one  of  several  methods 
outlined  below.  All  of  these  methods  involve  determination  of  the  ratio  of 
reflected  field  intensity  to  direct  transmitted  field  intensity  at  points  of 
interest  with  specific  antennas  and  antenna  orientations. 

Major  emphasis  is  placed  upon  the  functioning  of  anechoic  chambers 
with  one-way  energy  propagation  as  is  appropriate  to  most  antenna -pattern 
work.  Radar-cross  -  section  and  antenna-impedance  measurements  require 
energy  propagation  both  from  and  to  the  vicinity  of  the  transmitting  antenna. 
Some  differences  in  chamber  design  may  be  involved  and  evaluation  procedures 
are  quite  different  for  two-way  energy  propagation  No  discussion  of  these 
procedures  is  included  here  but  the  reader  is  referred  to  References  2  and  3 
for  information  on  radar-cross-section  performance  and  evaluation  of 
anechoic  chambers. 


This  paper  is  an  abridgment  of  material  prepart;d  for  inclusion  in  the 
forthcoming  revision  of  the  Radome  Handbook.  Step-by-step  details  of 
test  procedures  have  been  omitted  to  make  this  presentation  primarily 
a  tutorial  review  and  a  summary  of  the  state-of-the-art. 


1-  Dt»ign  of  Microwav  An«choic  Ch»rab«r« 

The  ftchievement  of  the  lowest  poeeible  level  of  reflected 
energy  in  en  enechoic  chamber  depends  upon  the  proper  naanipulatioc 
of  two  variables: 

-  the  characteristics  of  the  absorbing  materials  used  to 
cover  the  internal  chamber  surfaces  . 

•  the  shaping  of  the  chamber  to  direct  residual  reflected 
energy  away  from  the  quiet  zone  or  working  volume. 

Hiatt,  et  al  of  the  University  of  Michigan  (Reference  4)  have 
considered  many  of  the  important  aspects  of  chamber  design  and  of 
absorber  and  chamber  evaluation.  The  reader  is  referred  to  this 
report  as  a  general  reference  and  bibliography  to  supplement  the 
information  given  here. 

\ 

Since  experimentation  with  a  large  anechoic  chamber  is 
prohibitively  expensive,  and  since  several  proven  chamber 
configurations  and  absorber  arrangements  are  available,  the  design 
of  anechoic  chambers  is  usually  best  left  to  experienced  designers. 
The  following  discussions  summarize  various  factors  which  should 
be  considered  in  any  design  effort. 

iai. )  Characteristics  of  Absorbing  Materials 

Currently  available  premium  •quality  absorbing 
materials  exhibit  reflectivities  of  -40  to  -SO  db  at  normal 
incidence  and  also  \mder  conditions  of  specular  reflection 
at  equal  incidence  and  reflection,  angles  up  to  as  much  as 
60*.  This  means  that  the  energy  reflected  in  the  direction 
of  the  receiving  test  antenxia  is  40  to  50  db  below  that 
reflected  in  the  same  direction  by  a  highly  conducting  flat 
plate,  but  does  not  mean  by  any  stretch  of  the  imagination 
fiiat  the  remaining  major  portion  of  the  incident  energy  is 
totally  absorbed  by  the  material.  Particularly  when 
absorbing  materials  are  shaped  in  the  form  of  pyramids  or 
cones  which  are  relatively  large  with  respect  to  incident 
wavelength,  th-'^re  is  somewhat  diffuse  scattering  of 
unabsorbed  incident  energy  in  essentially  all  directions. 

For  argument's  sake,  we  might  assume  that  true 
absorption  occurs  for  99%  of  incident  energy  and  that  zero 
through-transmission  results  because  of  a  metallic  mounting 
surface.  Therefor  the  remaining  1%  of  the  energy  is  re¬ 
flected.  corresponding  to  a  "total"  power  reflection  coefficient 
of  -20  db.  Conceivably,  scattering  may  be  such  that  in  any  sn 
solid  angular  increment  subtended  by  a  distant  test  antenna. 
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including  that  increment  in  the  specular  direction,  the  energy 
reflected  is  50  db  below  that  which  would  be  specularly 
reflected  by  a  flat  conducting  surface.  For  any  given  appli¬ 
cation,  therefor,  the  best  "absorber”  is  that  which  reflects 
least  in  those  directions  of  maximum  interest-  In  a  flat-wall 
rectangular -box  antenna -pattern  or  boresight  range  the 
forward  specular  direction  at  areas  midway  between  trans¬ 
mitter  and  receiver  is  most  critical,  whereas  in  a  cross- 
section  range,  straight  backscatter  into  the  region  of  the 
transmitting  antenna  may  be  equally  important  for  the 
absorbing  material  located  in  heavily  illuminated  areas.  . 

In  flat-wall  rectangular-box  chambers  suitable  for 
pattern  and  boresight  tests,  it  appears  to  be  usual  practice  to 
employ  scattering  absorber  materials  of  long  pyramidal  or 
conical  configuration  over  large  areas  midway  between  trans¬ 
mitter  and  receiver  as  well  as  behind  the  receiver,  and 
frequently  to  use  less  expensive  materials  in  other  regions 
where  the  usually  stronger  specular  reflection  from  these 
materials  will  not  be  directed  into  the  vicinity  of  the  receiver. 

Even  with  physically  tapered  absorbing  materials  which 
are  characterized  by  a  strong  tendency  to  scatter  incident 
energy  in  many  directions  at  the  higher  frequencies,  there 
is  usually  a  relatively  strong  specxilar  component  which 
becomes  more  and  more  predominant  as  frequency  decreases 
because  the  taper  dimensions  become  less  in  terms  of  wave¬ 
length  and  the  material  appears  as  a  "smoother”  reflecting 
surface.  Shaping  of  the  internal  surfaces  of  the  chamber 
then  offers  advantages  in  directing  the  more  predominant 
specular- reflection  component  away  from  the  working  volume. 


The  simplest  configuration  of  an  anechoic  chamber  is, 
of  course,  a  rectangvilar  room  with  flat  internal  surfaces 
covered  with  absorbing  material-  The  obvious  and  experi¬ 
mentally  well  established  limitation  of  such  a  structure  is 
first-boimce  specular  reflection  of  energy  from  areas  on 
side  walls,  floor  and  ceiling  midway  between  transmitting 
and  receiving  antennas.  This  assumes  of  course  that  the 
line-of-sight  of  the  transmitting  antenna  is  essentially 
parallel  to  these  surfaces-  While  it  may  be  possible  for 
short-range  work  to  transmit  more  or  less  diagonally  in  a 
horizontal  plane  to  minimize  side-wall  effects,  one  is 
economically  obliged  for  long-range  operations  to  transmit 
approximately  along  the  axis  of  an  enclosure  whose  length 
is  substantially  greater  than  its  width  and  height. 
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Several  alternative  atepe  can  be  taken  to  minimize  ^e 
limiting  firat-bounce  reflections  of  a  rectangular  flat-wall 
chamber.  Operationally,  antennaa  of  minimum  aide-lobe  lev 
and  minimum  possible  beamwidth  consistent  with  far-field  ai 
other  experimental  requirements  will  reduce  the  illuminatior 
level  of  offending  areas  by  the  transmitter  and  the  sensitivit) 
of  the  receiver  to  reflections  from  the  offending  areas. 
Similar  improvement  is  possible  by  making  the  chamber  widi 
and  height  as  large  as  possible  with  respect  to  transmission 
length,  but  economic  limitations  may  not  permit  sufficient 
increase  in  these  dimension's  when  transmission  length 
exceeds  50  feet  or  so. 

As  mentioned  above,  a  strongly  scattering  absorber  ma 
b<e  used  on  flat  chamber  surfaces  to  minimize  specularly 
reflected  energy  in  the  frequency  range  where  the  absorber 
is  an  effectively  "rough"  reflecting  surface.  Nevertheless, 
the  specular  component  continues  to  predominate  at  lower 
frequencies,  and  there  appears  to  be  a  trend  toward  the  use 
of  very  thick  absorbers  to  keep  this  low-frequency  region 
well  below  the  range  when  maximum  performance  is  required 
18-inch  pyramidal  absorbers  have  been  used  for  S-  and  X-ban 
operation.  This  approach  is  expensive  and  subject  to  rapidly 
diminishing  returns. 

After  maximum  advantage  has  been  gained  by  the  use 
of  directive  antennas  and  scattering  absorbing  materials, 
further  reduction  of  chamber  reflectivity  (or  equivalent 
reflectivity  at  reduced  cost)  is  frequently  possible  by  the 
addition  of  one  of  several  varieties  of  baffles  or  by  ©♦•her 
modifications  of  chamber  shape. 

There  is  considerable  controversy  concerning  the 
effectiveness  of  baffles  and  other  modifications  in  the  shape 
of  anechoic  chambers  in  improving  performance,  much  of 
which  arises  from  proprietary  or  patent-encouraged 
positions  of  commercial  manufacturers.  Independent  studies 
by  Hiatt,  et  al  (Reference  4,  page  60)  and  Ferris,  et  al 
(Reference  5)  of  the  University  of  Michigan  have  concluded 
that  appropriate  baffles  can  improve  chamber  performance 
when  dimensions  ar^i  "large  in  terms  of  wavelength". 

Historically,  there  is  ample  evidence  of  the  necessity 
for  greatly  reducing  the  magnitude  of  half-way  reflections 
from  flat  surfaces  parallel  to  the  direction  of  propagation 
in  <  nechoic  chambers  as  well  as  in  outdoor  antenna  test 
ranges.  These  reflections  in  chambers  were  particularly 
severe  in  the  days  when  the  best  absorbers  exhibited 
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reflectivity  of  only  -20  db  or  so  and  were  chariicterized  by 
‘maxirnum  reflection  in  the  specular  direiction.  During  this  . 
period  most  of  the  common  baffle  configurations  were 
developed. 

Outdoor  test  ranges  were  equipped  with  transverse 
"fences”  to  prevent  illumination  of  the  areas  half-way 
between  transmitter  and  receiver,  and  diffraction  effects 
from  the  top  edge  of  the  fence  were  much  more  easily 
tolerable  than  the  ground  reflections  which  they  replaced. 
The  idea  of  the  transverse  fence  was  applied  to  anechoic 
chambers  in  the  form  of  a  shallow  transverse  absorber- 
covered  baffle  projecting  normally  from  side-walls,  floor 
and  ceiling  approximately  midway  between  transmitting 
and  receiving  stations.  The  idea  was  soon  extended  to  a 
series  of  transverse  baffles  to  take  care  of  different  trans¬ 
mission  lengths  in  the  same  chamber.  Rather  elaborate 
shaping  of  transverse  baffles  was  used  in  an  effort  to  entrap 
reflected  energy  and/or  to  insure  that  all  but  direct-ray 
energy  to  the  quiet  zone  suffered  two,  three  or  even  more 
reflections.  (See  References  6  and  ?.  ) 

The  performance  limitation  in  a  chamber  with  many 
transverse  baffles  is  imposed  by  edge -diffracted  energy 
from  peaks  of  the  baffles.  Such  energy  has  a  sizable 
forward-scattered  component  over  which  very  little  control 
can  be  exercised  by  choice  of  absorbing  material.  These 
considerations  prompted  the  "aperture -type"  chamber  in 
which  the  basic  element  is  a  single  transverse  baffle  in  a 
preferably  funnel-shaped  chamber,  the  aperture  in  general 
being  relatively  close  to  the  transmitting  end  of  the  chamber, 
with  an  opening  sufficiently  small  that  no  direct  illumination 
of  side,  floor  and  ceiling  surfaces  on  the  receiving  side'of 
the  aperture  is  possible.  This  design  was  developed  by 
Buckley  at  Emerson  &  Cuming,  Inc.  (See  Reference  8.  ) 

Figure  1  illustrates  the  evolution  (from  a  rectangular 
box)  of  the  aperture-type  chamber  and,  more  recently,  the 
funnel-  or  horn-type.  In  Fig.  1(a),  energy  reflected  from 
regions  midway  between  transmitter  and  receiver  appears 
to  proceed  toward  the  receiver  from  the  image  points  shown. 
In  addition  to  phase  shifts  occurring  at  the  reflection  points, 
the  considerable  difference  in  path-length  to  the  receiver 
along  the  direct- ray  path  from  the  transmitter  and  along  the 
reflected-ray  paths  from  the  images  generates  a  pronounced 
interference  pattern  between  direct  and  reflected  rays  as  a 
function  of  receiver  position.  The  path- length  difference 
also  permits  substantial  changes  in  the  interference  p>attern 
with  changes  in  frequency. 
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In  Fig-  1(b)  the  eperture  edgee  constitute  the  major 
reflection  points  and,  since  these  points  are  closer  to  ^e 
direct-ray  path  than  those  in  Fig.  1(a),  the  transmitter 
images  approach  the  transmitter.  The  differences  between 
direct-ray  and  reflected- ray  path-lengths  are  much  less  in 
the  aperture  chamber  and  the  cycles  of  tiie  interference 
pattern  are  physically  much  longer.  This  effect,  coupled 
with  the  reduced  magnitude  of  reflected  energy  at  the  aper¬ 
ture  edges,  results  in  much  more  nearly  uniform  illumina¬ 
tion  of  the  chamber  in  the  vicinity  of  the  receiver,  and 
therefore  much  lower  chamber  reflectivity. 

The  aperture-type  chamber,  in  addition  to  exhibiting 
lower  reflectivity  than  the  rectang\ilar-box  type,  can  have 
much  reduced  width  and  height  at  the  transmitting  end,  as 
shown  in  Fig.  1(b),  and  is  therefor  more  economical. 
Aperture-type  chambers  have  recently  been  reported  as 
very  successful  pulsed  back- scatter  ranges  at  Cornell 
Aeronautical  Laboratory.  (See  Reference  9) 

As  the  aperture  is  moved  closer  and  closer  to  the, 
transmitter  the  dimensions  of  the  transmitting  end  of  the 
chamber  can  be  correspondingly  reduced.  The  funnel  of 
Fig.  1(c)  appears  as  the  limiting  ca^e  in  which  the  aper¬ 
ture  edges  coincide  with  the  physical  extremities  of  the 
transmitting  antenna,  and  the  longitudinal  chamber  surfaces 
are  defined  by  linee  joining  the  transmitting-antenha 
extremities  to  a  suitable  limiting  contour  on  the  receiver - 
end  wall.  Under  these  conditions,  the  transmitter  and  its 
images  essentially  coincide  and  the  troublesome  path-length 
differences  noted  above  essentially  disappear.  The  validity 
of  this  argviment  becomes  nebulous,  of  course,  in  the 
frequency  range  where  a  scattering-tyjie  absorber  on  the 
funnel  generates  diffuse-reflection  components  comparable 
in  magnitude  to  specular  components. 

There  are  two  clear  disadvantages  to  the  limiting 
funnel  chamber  configuration  of  Fig.  .1(c).  First,  the  quiet 
none  must  be  within  the  flaring  portion  of  the  funnel  for 
minimum  reflectivity  rather  than  within  a  rectangular 
extension  of  the  large  er.vl  of  the  flared  section,  for  example, 
as  might  be  desirable  for  a  long  quiet  zone.  Secondly,  bi¬ 
static  reflectivity  measurements  of  a  target  in  the  quiet  zone 
are  not  feasible  since  separate  transmitting  and  receiving 
antennas  cannot  be  spaced  apart  as  required  in  the  throat 
of  the  funnel.  Additionally,  at  microwave  frequencies, 
physical  alignment  and  fitting  of  the  transmitting  antenna  in 
the  throat  of  the  funnel  may  be  critical.  A  few  funnel-type 


chambers  have  been  proposed  or  constructed  by  The  B>  F. 
^Goodrich  Co.  Performance  data  and  test  procedures  have 
not  become  generally  available  as  of  this  writing. 

The  most  widely  used  type  of  shaped  , anechoic  chamber 
is  the  longitudinal-baffle  variety  designed  to  avoid  the  multiple 
edge -diffraction  effects  of  many  transverse  baffles  in  a 
chamber  where  the  transmission  length  must  be  variable. 

Ray  tracing  is  used  to  determine  a  configuration  which  directs 
specularly  reflected  energy  away  from  a  central  cylindrical 
quiet  zone  which  extends  essentially  the  full  length  of  the 
chamber.  Figure  .1-2  illustrates  a  typical  configuration. 

This  design  was  developed  by  Buckley  at  Emerson  ftt  Cuming, 
Inc.  (Reference  10).  Baffles  of  this  type  are  imdoubtedly 
elective  in  controlling  the  specular  component  of  energy 
reflected  from  side  walls,  floor  and  ceiling  of  a.  chamber 
throughout  the  frequency  range  where  the  slant  surfaces  of 
the  baffles  extend  at  least  several  wav'^lengths  in  the 
dimension  normal  to  the  line  of  the  peak. 

An  investigation  by  Kay  of  TRG  (See  Reference  1 1) 
has  compared  the  performance  of  a  single  transverse 
metallic  fence  with  that  of  a  metallic  longitudinal  baffle  in  . 
reducing  ground  scatt-'r  on  an  outdoor  range.  The  conclusion 
is  drawn  that  a  properly  designed  single  transverse  half-way 
fence  is  preferable  to  the  optimum  longitudixial  baffle.  No 
investigation  was  reported  of  the  effects  of  multiple  fences 
to  accommodate  different  transmitter- receiver  distances. 

Paved  longitudinal  baffles  are  reported  by  Honer  and 
Fortner  of  Micronetics  (See  Reference  12)  to  offer  effective 
minimization  of  grouri^d  reflection  effects  in  600-foot  and 
1000 -foot  outdoor  pulsed  reflectivity  ranges. 

The  end  wall  of  an  anechoic  chamber  behind  the 
receiving  antenna  is  usually  in  the  form  of  a  vertical  wedge 
or  cylinder,  or  at  least  a  slanted  flat  surface,  so  that 
specular  reflections  are  directed  away  from  the  receiver. 

A  flat  wall  behind  the  transmitting  antenna  is  adequate  in 
general  unless  high-level  backlobes  or  dipole-type  patterns, 
for  example,  must  be  tolerated  in  the  transmitting  antenna. 

In  the  latter  instances,  baffling  or  shaping  of  the  transmitting- 
end  wall  should  be  employed  to  avoid  specular  reflections 
directly  down- range. 

Reference  13  describes  and  illustrates  several  flat- 
wall  and  baffled  anechoic  chambers,  as  well  as  outdoor 
test  ranges.  The  emphasis  in  this  reference  is  on  use  of 
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these  faciiitiesi  as  radar  cross-section  ranges,  but  many  of 
them  are  obviously  suitable  for  antenna-pattern  and  bore- 
sighting  work. 


2.  EvaluatioR  of  Microwave  Anechoic  Chambers  as  Antenna- 
Pattern  and  Bcresigb.t  Ranges 

Many  procedures  tor  evaluating  the  reflectivity  of  anechoic 
chambers  have  been  employed.  These  range  from  simple  comparison 
of  antenna  patterns  recorded  in  a  chamber  with  tliose  obtained  for  the 
same  antenna  on  a  proven  outdoor  range,  to  much  more  elaborate 
techniques  such  as  described  below.  Hiatt,  et  al  (Reference  4, 
pp.  34-41)  have  referenced  and  summarized  most  of  these  procedures. 
For  modern  low- reflectivity  chambers  only  a  few  techniques  appear 
to  be  satisfactorily  comprehensive  a)  the  "antenna-pattern 
comparison"  procedures  introduced  and  widely  used  by  Emerson  & 
Cuming,  Inc.  ,  b)  the  "free-space  VSWR"  technique,  championed  by 
The  B.  F.  Goodrich  Co.  ,  and  c)  a  thorough  field  probe  found  valuable 
by  several  laboratories,  partic\;larly  at  VHF  and  lower  UHF 
frequencies  where  methods  a)  and  b)  may  be  difficult  to  use.  Each 
of  the  above  methods  has  certain  features  which  make  it  attractive 
for  specific  purposes. 

All  the  procedures  to  be  described  attempt  to  relate  the  level 
of  reflected  field  intensity  to  direct  transmitted  field  intensity  under 
the  conditions  of  interest.  In  all  cases,  the  measured  level  of 
reflected  energy  is  dependent  upon  the  directivity  of  the  antennas 
used  in  measuring  the  qixant  '.ties.  The  purist  would  undoubtedly  be 
happier  with  defined  charac\eristicr>  which  apply  strictly  to  the  chamber 
or  test  range  itself  under  illumination  by  a  truly  isotropic  radiator. 
While  such  quantities  can  certainly  be  defined,  their  adequate  measure¬ 
ment  would  likely  be  difficult,  if  not  impossible,  and  their  practical 
utility  in  predicting  chamber  performance  with  typically  directive 
antennas  would  be  limited.  Therefore,  it  seems  preferable  to 
recognize  at  the  outset  that  the  errors  in  a  recorded  antenna  pattern, 
for  example,  due  to  reflected  energy,  depend  not  only  upon  the 
distribution  of  illuminating  energy  (i-  e.  ,  upon  the  directivity  of  the 
transmitting  antenna),  but  upon  the  reflected  energy  accepted  by  the 
receiver  (i.  e.  ,  upon  the  directivity  of  tlie  receiving  antenna). 

The  methods  described  here  arc  appl'cable  equally  to  evaluation 
of  the  performance  of  any  antenna  pattern  range,  whether  it  be  an  open 
range,  outdoors,  or  a  fully  enclosed  m;-  ro'Aave  anechoic  chamber. 

Evaluation  of  the  performance  of  a  microwave  anechoic  chamber 
where  the  mag-mtude  of  the  reflected  field  within  the  design  quiet  zone 
is  required  to  be  below  that  of  the  direct  field  by  a  specific  number  of 
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decibels,  frequently  50  db  or  more  in  today's  designs,  requires 
precise  measurement  of  extremely  minute  variations  in  total  received- 
signal  strength,  corresponding  to  in-phase  and  out-of-phase  addition 
of  direct- ray  and  reflected-field  components.  For  example,  a 
0.  055-db  total  excursion  in  the  peak  value  of  the  main  lobe  of  a  probe- 
antenna  pattern  indicates  -50  db  quiet-zone  reflectivity. 

The  accurate  detection  and  read-out  of  such  a  small  change 
in  peak  response  cannot  be  accomplished  without  rela^tively  elaborate 
precision  circuitry.  Therefore,  most  chamber-evaluation  procedures 
depend  on  various  "off-peak"  detection  methods  in  which  the  probe 
antenna  is  oriented  so  that  its  response  to  "direct-ray"  is  greatly 
reduced  and  the  minute  effects  of  reflected  energy  are  observed  as 
now  relatively  much  larger  variations.  For  example,  if  tha  main 
lobe  of  the  probe  antenna  is  aimed  so  that  the  direct  ray  causes  a 
response  20  db  below  the  peak  value,  the  maximum  excursion 
corresponding  to  quiet-zone  reflectivity  of  -50  db  is  now'  0.  55  db 
and  is  clearly  observable  with  standard  pattern-recording  instruments. 

2a.  )  The  Pattern- Comparison  Evaluation  Method 

The  pattern-comparison  technique  is  one  of  the  most 
widely  accepted  and  versatile  of  the  several  "off-peak" 
techniques  which  have  been  used  for  evaluating  the  quiet- 
zone  reflectivity  of  a  microwave  anechoic  chamber.  The 
recording  of  a  series  of  antenna  patterns  has  the  distinct 
advantage  that  it  provides  an  antenna  engineer  with  an 
intuitive  "feel"  for  the  quality  of  his  range  by  displaying  the 
very  small  pattern  perturbations  that  can  result  from  even 
extremely  low-level  residual  reflections. 

The  details  of  the  technique  are  specifically  as  follows. 
The  chamber  is  illuminated  by  a  transmitting  antenna  located 
and  oriented  in  the  manner  for  which  the  chamber  was  de¬ 
signed.  Usually  the  design  calls  for  this  antenna  to  be  aimed 
approximately  along  the  major  axis  of  the  chamber  from  a 
point  at  or  near  one  end.  For  evaluation  purposes  the 
receiving  antenna  is  mounted  upon  an  azimuth  and/or 
elevation  rotator  within  the  design  quiet  zone  and  in  a  trans¬ 
verse  vertical  plane  at  a  typical  distance  from  the  trans¬ 
mitting  antenna.  Sets  of  patterns  are  then  recorded  at 
closely  adjacent  test  points  along  various  radii  of  the  quiet 
zone.  One  pattern  of  each  set,  usually  the  one  recorded 
with  the  receiving  antenna  on  the  axis  of  the  chamber,  is 
chosen  as  a  reference.  The  remaining  patterns  of  that  set 
are  superimposed  upon  this  reference  one  by  one,  with  the 
peaks  of  the  main  lobes  coinciding  (see  Figure  2  for 
representative  patterns),  and  the  deviations  of  each  pattern 
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from  the  reference  are  tabulated  at  the  -10,  -15,  -20,  -25 
and  -30  db  levels  on  each  side  of  the  reference- 


The  deviations  at  each  reference-pattern  level  are  then 
plotted  versus  the  radial  distance  between  the  chamber  axis 
and  the  test  point,  as  in  Figure  4,  and  the  cyclic  variation  of 
the  deviation  with  distance  from  the  axis  displays  the 
con-structive  and  destructive  interference  betvvjen  the  direct- 
ray  electric  vector  from  the  transmitter  and  the  resultant 
electric  vector  arising  from  energy  reflections  to  which  the 
test  antenna  is  sensitive.  If,  for  example,  it  is  found  that  at 
the  angle  corresponding  to  -25  db  on  one  side  of  the  reference 
pattern,  the  peak-to-peak  magnitude  of  one  cycle  of  the 
deviation  curve  is  0.  6  db,  it  is  readily  shown  that  the 
resultant  reflected  energy  level  is  -55  db  in  the  region  of  the 
test  points  corresponding  to  that  cycle-  The  graphs  of 
Figure  3  plot  on  the  ordinate  scale  tlie  quantity 
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which  represents  tlie  peak-to~peak  variation  in  decibels  of 
the  total  electric-field  magnitude  resulting  from  interference 
between  the  direct-ray  electric  vector  x  (abscisfsa  scale) 
and  the  reflected  electric  vector  y  (parameter  of  family  of 
curves)  over  the  decibel  ranges  of  x  and  y  commonly 
encountered  in  this  evaluation  procedure.  *  In  the  numerical 
example  immedhitely  above.  Figure  3  may  be  entered  at 
0.  6  db  ordinate  and  -25  db  abscissa  to  read  out  -55  db 
reflectivity. 


£ach  cycle  of  each  deviation  curve  of  Figure  4  along 
each  traverse  line  yields  a  value  of  reflectivity  for  the 
corresponding  region  of  the  quiet  zone.  The  several 
reflected-energy  values  along  the  various  radial  traverse 
lines  are  usually  averaged,  or  otherwise  statistically 
analyzed,  to  yield  a  number  or  numbers  to  characterize 
the  performance  of  the  chamber.  An  example  is  given  at 
the  lower  right  of  Figure  4. 


*  While  the  curves  of  Figure  3  are  plotted  as  straight  lines,  they  are  actually 
very  slightly  concave  upward.  They  may  be  extrapolated  as  straight  lines 
to  the  left  and  downward  as  far  as  may  be  desired,  but  should  not  be  extended 
upward  and  to  the  right  without  additional  calculations-  For  example,  the 
curve  for  -20  db  reflectivity  should  intersect  the  -15  db  abscissa  at  11  05  db, 
and  all  other  curves  should  be  parallel  to  this  one.  All  lines  are  correct  as 
plotted  at  the  5.  7-db  ordinate  value. 
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The  trana verse  vertical  plane  containing  the  many  points 
at  which  patterns  are  recorded  is  preferably  that  plane  located 
at  the  maximum  design  distance  from  the  nominal  transmitting- 
antenna  position.  The  test  then  reveals  the  minimum  performance 
of  the  chamber,  since  quiet-zone  performan'^e,  under  all  usual 
test  conditions,  improves  as  the  transmitting  and  receiving 
antennas  are  brought  closer  together. 

A  very  substantial  collection  of  experimental  data  of  this 
type  shows  that  one  horizontal  and  one  vertical  radial  traverse  of 
the  quiet  zone  with  one  polarization,  and  with  either  azimuth  or 
elevation  patterns,  is  sufficient  to  characterize  initially  the 
performance  of  an  anechoic  chamber  at  any  frequency  of  interest. 

.  At  frequencies  of  200  Me  or  so,  or  whenever'  chamber 
cross-sectional  dimensions  are  comparable  to  wavelength,  even 
as  much  as  one  half-cycle  of  the  deviation  curves  of  Figure  4 
may  not  exist  within  the  design  quiet  zone,  and  the  Field  Probe 
Evaluation  Method  described  below  may  be  a  more  appropriate 
test  procedure. 

2b.  )  The  Free-Space  VSWR  Evaluation  Method 

Since  there  does  not  appear  to  be  any  readily  available 
reference  which  describes  this  technique  in  detail,  the  following 
excerpts  from  Hiatt,  et  al  (Reference  4,  pp.  38-40)  must  serve 
as  a  summary. 

Transmitting  and  receiving  horns  are  set 
up  as  they  would  be  for  an  antenna  pattern  test  ...... 

Room  reflectivity  data  is  obtained  as  a  function  of  the  aspect  0 
of  the  receiving  horn,  with  0  varied  in  discreet  steps  (for 
example,  10*)  from  0  =  0*  (looking  at  the  transmitter)  to 
0=  180*.  At  each  aspect,  the  horn  is  moved  back  and  forth 
along  its  axis  to  produce  a  change  in  the  received  signal  from 
a  maximum  to  a  minimum.  It  is  assumed  that  this  results 
from  the  in-and  out-of-phase  addition  of  the  direct  signal  Ei 
and  the  reflected  signal  E^,  the  ratio  of  which  can  be  obtained 
from  the  maximum  to  minimum  ratio  R  using  equation  2. 

E2  =  E,  [  ^  '■  (2) 

1  '  ■  ' 
The  value  used  for  Ej  depends  on  the  orientation  of  the  horn, 
and  is  found  from  the  average  signal  received  as  the  horn  is 
moved  along  its  axis  by  normalizing  this  relative  to  the  peak 
value  observed  when  0  -  0"  .  ” 


" . (this)  B.  F.  Goodrich  method  provides  the 

ratio  for  one  antenna  location  as  a  function  of  the  receiver 

orientation . The  measurement  would  be  repeated 

for  the  desired  number  of  locations  within  the  quiet  zone  to 
give  a  complete  picture  of  the  room  performance.  " 

2c.  )  The  Field  Probe  Evaluation  Method 

Neither  the  pattern-comparison  procedure  nc'r  the  free- 
space  VSV/.R  tecbniq.ie,  as  described  above,  extract  detailed 
information  about  tFie  uniformity  of  tive  total  illuminating  field 
over  wide  areas.  For  strictly  pattern  work,  when  tne  shape 
of  an  antenna  pattern  is  the  characteristic  under  study, 
relatively  large  variations  in  illumination  level  withiiv  the 
quiet  zone  are  i-oierable  if  the  antenna  aperture  is  small  with 
respect  to  the  dimensioiis  of  the  quiet  zone.  Under  such 
circumstances,  the  pattern-comparison  procedure  is  highly 
instructive  since  it  gives  range  performance  in  terms  of 
small  changes  in  pattern  shc.pe. 

Where  accurate  measurements  of  antenna  gain  must  be 
made,  and  when  the  aperture  of  the  gain  standard  antenna  is 
significantly  different  in  shape  or  size  from  the  aperture  of 
the  antenna  under  test,  uniformity  of  illuminating  field  is  of 
greater  importance  than  in  the  above  application.  If  it  can 
be  assumed  that  transmitter  power  and  receiver  sensitivity 
reinain  constant,  then  the  variations  of  the  on-peak  or  zero- 
aspedt  response  of  the  test  antenna  observed  as  a  function  of 
antenna  position  in  either  the  pattern-comparison  or  free- 
space  VSWR  technique  constitute  a  partial  map  of  the 
illximinating -field  magnitude-  A  survey  much  more  nearly 
complete  than  provided  by  the  above  techniques  may  be 
required  when  field-intensity  variations  throughout  a  sizable 
volume  must  be  known. 

Probing  and  mapping  of  illuminating  field  intensity  can 
be  automated  by  driving  a  probe  receiving  antenna  along  a 
straight-line  path  by  means  of  a  lead  screw  or  other  device 
while  a  strip- chart  recorder  plots  antenna  response  versus 
antenna  position.  Care  must  be  taken  to  prevent  interfering 
reflections  from  movi.ng  parts.  Off-peak  orientation  of  the 
probe  antenna  can  be  used  both  to  relax  the  required 
precision  of  recording  and  to  obtain  additional  information 
about  chamber  performance. 

When  variations  of  field  intensity  of  less  than  about 
0.  1  db  are  to  be  measured  accurately,  ordinarily  available 
equipment  stability  is  insufficient,  and  instrumentation 


becomes  mpre  elaborate.  From  Figure  3,  0.  1  db  peak-to« 
peak  perturbation  of  onrpeak  (  x  -  0)  level  corresponds  to 
reflectivity  of  -45  db.  Buckley  (Reference  14)  has  described 
a  null-balance  technique  for  point-to-point  measurement  of 
field  intensity  variations  down  to  0.  01  db.  A  two-channel 
comparison  system  uses 

a)  a  moving  receiving  antenna,  oriented  for  maximum 
output,  to  probe  the  field  as  required, 

b)  a  stationary  pick-up  antenna  or  other  means  of 
sampling  transmitter  output  to  provide  a  reference 
energy  levei .  and 

c)  an  accurate  amplitude- sensitive  ntxll  detector 
capable  of  measuring  minute  differences  between 
the  response  of  the  moving  antenna  and  the 
reference  signal  (e.  g.  Weinschel  Dual  Channel 
Insertion  Loss  Test  Set). 

In  any  case,  curves  of  the  response  of  the  receiving 
antenna  versus  its  transverse  off-center  position  show  cyclic 
variations  very  similar  to  the  deviation  curves  of  Figure  4, 
and  chamber  reflectivity  may  be  derived  as  in  the  pattern- 
comparison  procedure  by  entering  Figure  3  at  the  appropriate 
pattern  level  x  with  the  values  of  db  spread  measured  from 
the  curves. 

If  the  volume  explored  by  the  probe  antenna  is  very 
large  or  three-dimensional,  inverse-square  corrections 
for  the  varying  distance  between  transmitter  and  probe  must 
be  included  unless  they  are  very  much  smaller  than  the 
observed  variations  of  probe  output. 

2d. )  Comparison  of  Evaluation  Methods  and  their 

AppUcability  to  Bore  sight  Ranges 

The  field  probe  evaluation  technique  is  by  far  the  most 
rigorous  of  the  test  procedures  described  above.  It  is 
required  for  a  typical  pattern  range  only  when  detailed 
information  about  field  uniformity  is  needed  for  ensuring 
accuracy  of  absolute  gain  measurements.  One  of  the  other 
procedures  i’  entirely  adequate  in  almost  all  cases  where 
accuracy  of  pattern  shape  is  the  antenna  characteristic  of 
major  interest-  Nevertheless,  when  the  field-probe  method 
is  automated  to  the  extent  that  curves  similar  to  those  of 
Figure  4  can  be  recorded  directly  without  the  necessity  of 
recording  and  comparing  patterns,  this  appears  to  be  a 
relatively  rapid  test  procedure- 
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The  reflectivity  levels  measured  by  the  methods 
described  can  be  related  to  accuracy  of  boresight  measure¬ 
ments  when  detailed  knowledge  of  the  patterns  of  antennas 
to  be  tested  is  at  hand.  Figure  3  permits  readout  of  the  peak- 
to-peak  variation  at  any  pattern  level  due  to  measured 
reflectivity,  and  the  corresponding  angular  variations  are 
evident  immediately  from  the  known  pattern.  When  using  the 
pattern-comparisoTi  procedure  for  evaluation  of  a  boresight 
range  it  may  be  sufficient  tc  compare  patterns,  for  example, 
near  the  level  corresponding  to  pattern  cross-over  in  a  mono¬ 
pulse  system  in  order  to  obtain  a  direct  indication  of  the 
angular  resoUition  permitted  by  range  reflections. 

The  VSWR  evaluation  method  should  also  be  capable 
of  indicating  boresight  resolution  directly  when  the  antenna 
to  be  boresighted  is  used  as  the  probe  and  is  oriented  at  the 
cross-over  angle,  for  example.  Motion  of  the  antenna  in  a 
direction  at  right  angles  to  the  transmitter  line- of- sight  is 
equally  as  important  as  motion  along  the  probe  axis. 

When  a  beam-seeker  or  null-seeker  such  as  the  Carco 
Electronics  or  California  Technical  Industries  boresight- 
error  measuring  system  is  employed,  a  field  probe  in  the 
transverse  plane  by  an  antenna  oriented  for  peak  response 
on  axis  should  yield  data  which  is  easily  interpreted  in  terms 
of  angular  resolution. 


3 .  Performance  of  Microwave  Anechoic  Chambers  as 
Antenna- Pattern  and  Boresight  Ranges 

The  measured  performance  of  several  anechoic  chambers 
v/hich  were  designed  specifically  as  antenna  pattern  and  boresighting 
ranges  is  summarized  belov/. 

Eccosorb  Arechoic  Chamber  No.  ZZ5,  of  the  aperture  type, 
is  located  at  Warner  Robins  Air  Force  Base,  Georgia-  Chamber 
dimensions  are  approximately  3).  feet  wide,  25  feet  high  and  102 
feet  long.  An  elliptical  aperture  of  maximum  width  12  feet  and 
maximum  height  of  8  feet  is  centered  in  a  tra.ns verse  wall  about 
32  feet  from  the  transmitting  antennas.  The  chamber  was 
evaluated  at  13.  5  Gc  by  the  .null -balance  techn'que  of  probing  the 
field  in  the  vicinity  of  the  receiving  ai.’ennas.  In  this  case  the  probe 
antenna  was  one  of  the  22-db  pyramidal  horrs  which  are  used  in.  the 
California  Technical  Industries  3ea:'i  Seeker  installed  as  part  of 
the  boresight  test  facility.  The  prcM-.  v.as  traversed  t  35  inches 
horizontally  witlt  respect  to  chamber  axis,  and  121  inches 
vertically,  in  a  plane  normal  tc  the  ^'hamber  axiS  at  a  distance  of 


1160  inches  from  the  location  of  the  transmitting  antennas  being  bore- 
sighted.  Average  reflectivity  varied  from  -52  db  to  -55  db  depending 
upon  the  beamwidth  of  the  parabolic  orange-peel  antennas  under  test. 
These  reflectivity  levels  correspond  to  peak-to-peak  variations  of 
0.  03  to  0.  045  db  in  the  illuminating  field  strength. 

Eccosorb  Anechoic  Chamber  No.  250  is  a  longitudinally  baffled 
chamber  installed  at  Canadian  Westinghouse  Company,  Ltd.  ,  Hamilton, 
Canada,  for  boresight  testing  of  X-band  monopulse  antenna  systems. 
This  chamber,  of  dimensions  approximately  30'  x  30'  x  98',  was 
evaluated  by  both  the  null-balance  and  pattern-comparison  methods  at 
9-  37  5  Gc  with  a  separation  of  900  to  1000  inches  between  transmitting 
and  receiving  antennas.  A  20-db-gain  transmitting  antenna  was  used 
in  both  tests.  In  the  field-probe  test,  6- foot-long  traverses  of  a 
15-db  probe  antenna  were  executed  along  horizontal,  vertical  and  45* 
diameters  of  the  quiet  zone  at  the  receiving  end,  and  the  measured 
average  reflectivity  was  -41  db  corresponding  to  an  average  peak-to- 
paak  variation  of  approximately  0.  16  db  in  illuminating  field  strength. 
In  the  pattern-comparison  tests,  patterns  of  a  20-db  receiving  horn 
antenna  were  recorded  at  1-inch  increments  along  vertical  and 
horizontal  radii  of  the  6-foot  diameter  quiet  zone,  and  average 
reflectivity  of  -54  db  was  computed.  The  difference  between  this 
value  of  -54  db  and  the  value  of  -41  db  indicated  by  the  field-probe 
technique  is  due  to  two  factors: 

a)  Directivity  of  the  receiving  antenna  was  5  db  greater  in 
the  pattern-comparison  test,  and 

b)  Normalization  cf  pattern  peaks  was  used  in  the  pattern- 
comparison  data  reduction,  so  that  computed  reflectivity 
is  based  upon  the  shape  only  of  the  recorded  patterns 
rather  than  upon  small  variations  in  peak-of-pattern 
level. 

A  chamber  installed  at  N.  V.  Hollandse  Signaalapparaten  in 
The  Netherlands  is  essentially  identical  with  the  Canadian  Westing- 
house  facility  and  was  evahoated  by  a  slightly  modified  pattern- 
comparison  procedure.  The  measured  reflectivity  of  -53  db 
compares  very  favorably  with  -54  db  in  the  Canadian  chamber. 

Eccosorb  Anechoic  Chamber  No.  423  is  a  smaller  longitudi¬ 
nally  baffled  anechoic  chamber  (16'  x  16'  x  28')  in  use  at  Motorola 
Inc.  ,  Scottsdale,  Arizona  for  production  boresight  testing  of  small 
missile  seeker  antennas.  Evaluation  of  this  chamber  was  by  the 
pattern-comparison  procedure  at  U  Gc  using  vertically  polarized 
20  db  horn  transmitter  and  receiver  at  a  separation  of  approximately 
2C  feet  The  patterns  recorded  at  l-inch  increments  along  36-inch 
horizontal  and  18-inch  vertical  travel  ees  showed  no  deviations 
within  1  7  2*  vrhich  were  sufficient  to  indicate  reflectivity  greater 


than  .65  db.  Similar  testj  using  a«  receiver  the  circularly  polarized 
Motorola  antenna  to  be  bore  sighted  showed  no  detectable  deviation  at 
any  pattern  level  down  to  30  db  below  peak.  At  the  critical  -3  db 
pattern  points  on  this  antenna,  reflectivity  of  -65  db  corresponds  to  a 
peak-to-peak  perturbation  of  0.  013  db  and  to  an  angular  resolution  of 
0.  01  degree. 
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Summary; 

lack  of  information  in  published  literature  concerning  the  e.'feet  of 
elevated  tempera ttare  at  low  air  pressure  on  corona  and  breakdown,  particularly 
for  titanium  surfaces,  prooqpted  a  research  study  by  Lockheed -California  Company 
The  studies  were  conducted  in  view  of  increasing  speeds  and  penetration  into 
the  upper  atmosphere  by  supersonic  air  vehicles  which  use  titanium  as  strucw 
tural  metal.  The  skin  temperature  of  a  high  speed  airborne  vehicle  rises  with 
increasing  velocity  due  to  air  friction.  Titanic  when  heated  to  temperature 
above  4oo^  tempera txire ,  shows  a  decreasing  voltage  potential  for  corona  dis¬ 
charge  as  the  surface  temperature  of  titanium  increases  the  evaporation  of 
electrons  commonly  called  thermionic  emission  depends  on  the  metal  used  and 
applied  temperature,  and  titanium  turns  out  to  be  a  good  emitter.  Electrons  . 
within  the  metal  surface  will  be  freed  by  thenaal  energy  with  increaalng 
probability  that  the  electrons  escape  from  the  metal  surface.  The  effective¬ 
ness  of  electron  emission  from  titanium  is  studied  and  its  results  on  the 
occurrence  of  EJ*.  corona  discharges  is  presented  in  graphs  and  color  slides. 

An  8"  diameter,  circular  titanium  heated  surface  was  used  for  the  investlgs- 
tlons.  The  tests  were  conducted  at  low  air  pressures  to  simulate  operational 
altitudes  between  ^0,000  and  200,000  feet.  The  ap'^lied  R.F.  frequency  was 
2  Me,  and  electrode  separations  mp  to  10  inches  were  studied. 

Introduction; 

This  paper  presents  experlsmatal  results  on  corona  or  glow  discharges  at 
low  air  pressure  corresponding  to  altitudes  frc»  50,000  feet  to  200,000  feet 
in  the  H.F.  range  at  2.0  Me.  Investigations  of  corona  or  glow  discharges 
were  made  as  a  function  of  temperature.  These  teats  v«r^>  conducted  to  invest¬ 
igate  particularly  titanium  as  structural  mstal  at  temperatures  up  to  700*F 


of  tkt  10  fto  rtovlta  obtaiaod  iadlooto  tiiot  ot  higter  tof  rotw  •  lowoi 

wXtM>  Apfllod  iBltlotoo  tb»  eoirc«ii  proooM*  At  or  roo«  teopoi 

•t«r«  •fi^'oiciaitoly  •  20  poreoat  hii^r  Yoltago  potontUl  it  mottatty  to  obtain  1 
mm  tffliet  to  ttart  eorom  or  glow  ditotergt. 

lo  rtftrtaott  nor*  fcmd  ia  eurToat  lltoratnrt  trtating  tht  iid)J«et«  A* 
InflutiMm  of  olrvatod  ttaptrataro  oo  titaaion  at  low  air  prattiirat  corratpooding 
to  tita  iffar  ataoapfaare  vlUi  S.F.  eoroaa  pbaaowna  at  high  fraqntncy  (2  Ne)  thovt 
aa  aaalofat  to  tin  vaeaeai  tuba.  A  taba  it  avacaatad  to  an  air  prasaara  of  1 
aieroa«  fba  oathoda  ia  an  aalttar  lika  tungatan  or  OKideO;,  not  unlilM  titanlua 
ahleb,  whan  hmtm&f  ahowa  ttar  daaraotarietie  diaeoloration  of  a  liaat  cycla  and  it 
eoatad  iHtA  a  thin  iapar  of  titaniiaa  oxida.  Bia  appliad  plata  roltaga  aakta  tba 
aaittad  fraa  aXoetrooa  mom  rapidly  to  tba  auoda.  2ha  alactroda  coofiguratim  of 
a  oapaeitiaa  typa  antanna  at  IJT.  fra^ney  ia  an  analogua.  Jk/mmr,  tba  alactron 
baing  aagfctiaa  iooa  oaeiUata  vith  tba  appliad  fraqoaney. 

laaartaantal  frooadara : 

Aa  cspariasatal  aat  tp  tiaad  for  tba  taat  ia  shown  in  Fig.  1.  lha  H.F. 
powtv  oooroa  aao  a  avrplna  ItYy  IDS  2  transnlttar.  An  aatotranaforaar  mm 
dasignad  and  ballt  to  boost  tba  IJF.  oatpot  Yoltaga  to  a  aaxiani  of  l.V)bO  rolt 
at  2  Me.  tbm  Fprax  gloat  diaetaargt  ebaiAar  ia  12.0  incbaa  in  dlaaatar  and  36.0 
iaebaa  ia  laagtb  and  aoaatad  wartleally.  An  8.0”  dlaaatar  circular  tltaniua 
atruetara  ana  balXt  and  a  baatar  alaaant  inaartad.  Ibit  atruetura  ata  located  in* 
aida  tba  Fyrax  glass  ebudbar.  Sba  circuit  used  la  aebamtically  abown  in  Fig.  Ho. 
2.  By  ragalatlag  tba  appliad  6o  eycla  a-e  roltage  on  tba  heatar  alaaant  with  a 
wriae  tba  taspazmtura  on  tbo  tltaniua  aurfbea  aaa  eootrollad  and  calibrated  aa 
fUEtctloa  of  baatiag  tiaa  and  appliad  roltaga  potential  -  aaa  Fig.  Bo.  3*  ^ 
preyant  boat  radiation  to  tba  ?ynx  glaaa  cbabbar  an  aabaatoa  collar  lais  built 
around  tba  circular  tltaniua  atruetura.  fba  taata  vara  aada  in  atapa  of  100*F 
to  700^.  tba  uaaauraaauta  wara  conduetad  vitb  tba  following  elactroda  conflgnra» 
tloaa. 

1.)  loO”  apbara  to  8”  dia.  circular  tltaniua  plata 

3*0”  cylindrical  attd>  to  8”  dia.  circular  tltaniua  plata 

1.0*  cylind:*ieal  atub  to  8”  dia.  circular  tltaniua  plata 

0.3”  eyliudrloal  stub  to  8”  dia.  circular  tltaniua  plata 

Xba  ala^odaa  uara  aountad  on  the  Yortloal  axis  of  tba  eyllndrleal  test  cbanbar 

with  tba  lo^r  baatad  alaetroda  grounded,  the  tests  i«re  conducted  with  apark 
Sspa  of  5*0  and  10.0  iaebaa  distance^  and  slaulatod  altitudas  froa  30,000  feet 
to  200,000  feet. 

Bhapoanitioa  of  Bloetrons  fToa  lietal? 

tbs  pbenananoa  of  euaporatioa  of  eleetrona,  eoanonly  oallad  tbarKlonlc 
eaUaioct  depaada  oa  tba  aataX  used  and  ita  taaparatura.  At  aabient  tauperatnra 
few  electroae  ara  able  to  laara  -UM  artal  aurface,  but  slaetrons  vitbln  tbs  aetal 
«1I1  ba  tmmA  by  boat,  waleb  iagarta  to  tbs  aXsetrona  tba  easrgy  to  wem  out  of 
tbs  artal  aurfaea.  to  datarfidna  tba  aacustt  of  elaetr<aw  which  eeeepe  froa  tba 
tturf!»ca  per  unit  la  am  aeccod,  we  aeat  knew  tta  asloelty  distribution  and 
(*efMity  of  tba  aXactrooa  iatide  tba  aetal  at  mrloua  teuparaturaa,  and  tba 


k  dlfftr«nce  In  potential  vomTty  between  en  electron  «t  rest  Inalde  end  out- 
'  side  the  aBtal.  The  work  that  nust  be  done  to  take  an  electron  at  rest 
within  the  natal  and  transport  it  across  the  surface  to  a  distance  at  which 
the  surface  force  is  negligible  is  called  work  function.  The  work  function 
depends  on  the  netal  used,  and  is  neasured  in, electron  Volts  (eV)  necessary 
to  renowe  a  unit  charge  fron  the  surface.  It  is  known  fron  the  literature 
that  electropositive  netals  have  snail  work  functions  and,  therefore,  enit 
nuch  larger  electron  currents  at  a  given  ten^rature  than  electronegative 
netals.  Tltaniun  belongs  to  the  electropositive  netels,^/  and  it  can  be  ex¬ 
pected  that  titanium  acts  as  a  good  enitter.  Work  function  of  the.elenents  is 
plotted  in  graph  Mo.  4.  The  vork  function  of  titanium  is  4.09  eV^^,  tungsten 
has  4.^  eV,  and  thorium  3«4l  eV.  The  work  function  of  titaniia  is  npproxi- 
nately  between  tungsten  and  thorium.  Thorium  and  tungsten  are  good  emitters 
and  are  used  for  filaments  in  vacuum  tubes. 

Bcperimental  Results: 

Msasuorements  are  made  with  the  1.0*  diameter  sphere  to  9*  diameter  circu¬ 
lar  heated  titanium  plate  for  gap  distances  of  5^  end  10  Inches.  Results  of 
these  tests  are  plotted  in  Fig.  Mo.  $  and  Mo.  6. 

It  is  apparent  that  teeperature  has  a  strong  influence  on  the  corona  or 
glow  discharges  process  in  the  lower  altitude  region  but  ceases  to  be  a  sig¬ 
nificant  factor  above  100,000  feet.  This  effect  indicates  that  at  altitudes 
above  100,000  feet  or  so,  free  ions  resulting  from  collision  alone  are  in 
sufficient  nnabers  to  initiate  the  breahdown  process  bscause  of  the  longer  mean 
free  paths  of  electrons.  At  lower  altitudes  below  100,000  feet,  the  mean  free 
paths  of  the  electrons  becomes  shorter  and  at  higher  te^perattxre  thermal  ion¬ 
ization  is  more  effective.  Other  measurements  were  made  with 
(Aluminum)  cylindrical  stub  to  8.0”  die  heated  titanium  plate 

(Brass)  1.0"  cylindrical  stub  to  8.0"  die  heated  titanium  plate 

(Brass)  0.5”  cylindrical  stub  to  8.0”  die  heated  titanium  plate 

The  results  are  plotted  in  Fig.  Mo.  7 
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1)  On^eous  Conductors  by  Cobine,  page  111 

2)  iitndbook  of  Phyelcs  by  ^kal  (printed  in  German) 

3)  Reference  Data  for  Radio  Suglneers 
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A  PRECISION  GROUND -REFLECTION  ANTENNA  BORESICHT  TEST  RANGE 
J.  S.  Hollia*,  R.  E.  Pidgeon,  Jr.^.  and  R.  M.  Schutx^ 

1.  INTRODUCTION 

The  purpose  of  this  paper  is  to  describe  the  NASA-MSC-FO-MILA’i"!'  antenna  test 
facility  and  the  lesults  of  measurements  of  the  range  characteristics.  This  antenna 
range,  which  is  shown  in  Figure  1. 1  and  in  the  plan  view  of  Figure  1. 2,  was  designed 
specifically  for  making  boresight -accuracy  and  calibration  tests  of  the  1428-Mc 
Gemini  Rendezvous  Radar  and  secondarily  as  a  general  purpose  antenna  test  facility. 

The  range  has  the  dual  capability  of  operating  as  a  ground -reflection  range  and  as  a 
conventional  elevated  range.  Ac  can  be  seen  from  Figure  1.2,  the  surface  of  the 
range  is  graded  plane.  In  the  ground -re flection  mode  of  operation  the  antenna  under 
test,  assuming  that  it  is  operated  bn  reception,  is  illuminated  by  direct -path  energy 
from  the  source  antenna  and  by  energy  which  is  specularly  reflected  from  the  smooth 
range  surface.  In  this  manner  reflections  from  the  earth  are  used  to  advantage  rather 
than  being  allowed  tj  contribute  to  the  received  field  in  a  random  fashion.  The  ground - 
reflection  mode  of  operation  is  the  subject  of  this  paper. 

In  the  elevated  mode,  discrimination  against  extraneous  reflections  is  achieved  by 
the  directional  characteristics  of  both  the  transmitting  antenna  and  the  antenna  under 
test  and  by  the  use  of  diffracting  or  absorbing  materials.  While  the  performance  of 
the  range  has  not  been  tested  for  the  elevated  mode,  the  planar  range  surface  is  advan¬ 
tageous  for* this  mode  because  the  location  and  size  of  the  region  of  specular  reflection 
can  be  calculated. 

For  the  rendezvous  radar  boresight  application  the  radar  is  tested  in  a  full-scale 
mockup  of  the  Gemini  Spacecraft,'  shown  in  Figure  1.  3.  The  mockup  is  mounted  on  a 
precision,  multi-axis  positioner  on  top  of  the  range  control  building.  To  aid  in 
suppressing  reflections  from  the  support  structure,  the  building  is  oriented  such  that 
its  sides  make  angles  of  45  degrees  with  the  axis  of  the  range,  and  the  two  illuminated 
sides  of  the  building  are  covered  with  weatherproof,  high  performance,  micro»vave 
absorbing  material. 
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Figure  1.  It  Aerial  View  of  Radar  Boresight  Range 

The  spacecraft  mockup  ia  shown  mounted  on  the  control  building  at  the  left. 
The  source  tower  is  at  the  right  between  two  floodlight  towers.  This  photo¬ 
graph  was  made  before  the  grass  cover  was  established.  The.  sprinklers 
shown  in  the  dark  areas  on  the  range  are  removed  during  range  operation. 


Preceding  Page  Blank 


T*  '  range  was  designed  and  validated  for  NASA  as  a  co*operative  effort  between 
Scir  .ifle -Atlanta  and  McDonnell  Aircraft  Corporation,  the  prime  coiUractor  for  the 
Gemini  Spacecraft,  and  is  instrumented  with  Scientific -Atlanta  equipment.  Architects 
were  John  J.  Harte  Associates,  Architects  and  Engineers,  and  the  facilities  contractor 
was  W  illiams  Developnaent  Corporation.  Equipment  for  making  pro  -installation 
&.cceptance  tests  of  the  radar  was  designed  and  fabricated  by  Westinghouse  Aerospace 
division,  Baltimore,  Maryland,  the  sul^ontractor  for  the  radar. 
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Figure  1. 3.  Gemini  Spacecraft  Mockup  On  Control  Building 

Absorber  panels  (B^  F.  Goodrich  type  VHP -18)  on  the  control  building  can  be  re 
moved  in  case  of  high  winds.  An  absorber  insert  (not  shown)  is  provided  for  the 
control  building  window.  The  small,  absorber -covered  structure  on  the  roof  to 
the  right  is  a  work  stand  for  servicing  the  radar. 
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2.  THE  GEMINI  RENDEZVOUS  RADAR 

A  brief  description  of  the  Gemini  rendezvous  radar  is  given  to  provide  an  under¬ 
standing  of  some  of  the  major  problems  associated  with  establishing  the  specifications 
for  the  boresight  test  range. 

The  purpose  ''f  the  rendezvous  radar ^  is  to  measure  the  range  and  relative  bearing 
from  the  Gemini  spacecraft  to  the  unmanned  Agena  target  vehicle  during  the  rendez¬ 
vous  of  the  two  satellites  in  space.’*'  A  co-operative  radar  system  is  employed  in 
which  an  RF  pulse  is  trauiamitted  from  the  Gemini  radar,  received  by  a  tr^sponder 
in  the  target  vehicle,  and  re -transmitted  after  a  short  delay  at  a  different  frequency. 
The  range  to  thu  target  vehicle  is  determined  from  the  measured  delay  between 
transmission  auid  reception  of  the  signals.  Readouts  are  provided  for  range,  range 
rate,  and  direction  to  the  Agena  vehicle,  and  an  on-board  digital  computer  calculates 
the  orbital  corrections  which  are  necessary  to  effect  rendezvous. 

The  Gemini  rendezvous  radar  operates  as  a  two-channel  phase -monopulse  radar  or 
interferometer  to  measure  the  direction  of  arrival  of  the  received  signal.  Tliree 
antennas  are  incorporated  in  t..e  interferometer  with  one  antenna  common  to  both 
channels.  A  fourth  antenna  is  used  as  the  transmitting  antenna.  The  antennas  are 
located  on  the  Apacecraft  as  shown  in  Figure  2. 1. 

The  phase  differences  between  the  signals  received  by  the  two  orthogonal  pairs  of 
antennas  are  measured  by  the  radar.  The  electrical  phase  differences  and  <>2 
related  to  the  space  direction  angles  a  and  0  as  illustrated  in  Figure  2.  Z  by  the 
equations 

♦j  »  — cos  a;  <^2  “  ""IT”  ®  ^ 

where  d  is  the  spacing  between  the  phase  centers  of  each  antenna  pair,  K  is  the  wave  - 
length,  and  a  and  0  are  measured  from  the  yaw  and  pitch  axes  of  the  spacecraft, 
respectively.  These  angles  are  limited  by  the  radar  to  the  intervals  of  90  degrees 
±25  degrees.  The  radar  provides  coverage  for  yaw  and  pitch  angles  up  to  ±25  degrees. 

Each  channel  of  the  interferometer  locates  the  source  of  radiation  on  the  surface  of  a 
cone.  The  spacing  between  the  antennas  is  less  than  \;  thus  a  unique  cone  is  defined 
for  each  channel  of  the  interferometer.  The  direction  to  the  source  of  radiation  is 

^Vester,  B.  H.  ,  "Gemini  Rendezvous  Radar,  "  Tiie  Westinghouse  Engi.*?eer,  Volume 
24,  Number  1;  January  1964. 

'’4 

In  the  rend*  ous  mission  the  two-man  Gemini  spacecraft  will  be  launched  into  an 
orbit  which  is  approximately  co-planar  with  that  of  an  unmanned  Agena  target  vehicle 
launched  earlier.  With  the  aid  of  guidance  information  furnished  by  the  rendezvous 
radar,  corrections  will  be  made  to  the  orbit  of  the  Gemini  vehicle  to  bring  it  into 
contact  with  the  Agena  vehicle. 
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Fifur*  2. 1,  R«nd«Bvoua  Radar  Installed  in  Spacecraft  Mockup 


given  by  the  intersection  in  space  of  these  two  cones  as  illustrated  in  Figure  2.  3. 
Ambiguity  results  from  the  two  lines  of  intersection  of  the  cones,  one  in  the  hemi¬ 
sphere  forward  of  the  spacecraft  and  the  other  in  the  hemisphere  to  the  rear  of  the 
spacecraft.  The  null  in  the  rear  hem*sf^ere  is  discriminated  against  by  the  direc¬ 
tivity  of  the  radar  antennas. 

The  circularly  polarised  radar  antennas  are  printed -circuit  Archimedian  sflrals 
located  over  a  ground  plane.  The  beamwidth  of  the  interferometer  antennas  is 
approKimately  70  degrees  measured  between  the  3-db  points  on  the  pattern.  Meas- 
urnment  of  the  phase  differences  between  the  antennas  is  achieved  by  rotating  the 
intcnnas  about  their  axes  with  servos  to  obtain  nulls  and  measuring  the  angles  of 
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rotation  with  shaft  •position  encoders.  The  phase  delay  thus  introduced  in  each 
antenna  is  very  nearly  proportional  to  rotation  of  the  antenna  for  small  ellipticity 
ratios. 

This  paper  is  concerned  with  techniques  and  equipment  employed  for  measuring  the 
accuracy  with  which  the  radar  determines  the  direction  to  the  Agena,  defined  as  the 
boresight  accuracy.  Equipment  designed  by  Westinghouse  and  referred  to  previously 
is  employed  to  measure  the  radar  range  accuracy. 
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Figure  2.  2.  Illustration  of  Relationship  Between  Electrical 
Phase  and  Space  Angie  in  Interferometer 


Figure  2.  3.  Determination  of  Boresight  Direction  by  Intersection 

of  Cones  of  Constant  Phase  Delay 
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TME  RENDEZVOUS  RADAR  BORSSIGHT  MEASUREMENT  PROBLEM 


The  Gemini  rendezvous  radar  must  function  in  a  space  environment  of  zero  atmos¬ 
pheric  pressure,  increased  solar  radiation  levels,  and  zero  gravity.  In  establishing 
criteria  for  the  acceptance  tests  of  the  boresight  accuracy,  it  was  considered  imprac 
ticable  to  attempt  to  simulate  a  zero-pressure  environment  or  to  take  into  account  in 
the  measurements  the  effects  of  the  increased  level  of  solar  radiation.  The  effect  of 
gravity  on  the  boresight  directions  measured  by  the  radar  was  investigated  in  the 
manner  described  in  Section  6, 

The  boresight -measurement  problem  can  be  divided  into  tlia  following  categories; 

(a)  Establishment  of  an  incident  1 4 Z8 -megacycle,  circularly  polarized 
field  over  the  active  aperture  of  the  radar  antennas  which  would  ade¬ 
quately  simulate  an  incident  plane  wave  of  constant  amplihide, 

(b)  Provision  for  supporting,  positioning,  and  indicating  the  orientation 
of  the  radar, 

(c)  Establishment  of  a  frame  of  reference  in  which  the  measurements 
could  be  made, 

(d)  Detemiination  of  the  location  of  the  source  of  radiation,  and 

(e)  Establishment  of  an  optical  line  of  sight  from  the  source  of  radiation 
to  the  radar  to  permit  its  comparison  with  the  line  of  sight  indicated 
by  the  radar. 

We  will  not  dwell  on  a  discussion  of  the  various  range  configurations^  that  might  have 
been  employed  for  testing  the  rendezvous  radar.  The  ground -reflection  range  was 
selected  because  of  the  high  suppression  required  of  extraneous  signals,  the  low 
directivity  of  the  radar  antennas,  and  because  this  type  of  range  is  in  keeping  with 
the  flat  terrain  which  exists  at  Merritt  Island. 

A  discussion  of  some  of  the  basic  problems  involved  in  the  establishment  of  the  inci¬ 
dent  field  over  the  test  aperture  and  which  influenced  the  selection  of  the  range  con¬ 
figuration  is  given  in  the  following  paragraphs. 


Hollis,  J,  S.,  and  R.  E.  Moseley,  "Siting  Considerations  in  Microwave  Antenna 
Measurements,  "  Essay  No,  3,  Scientific -Atlanta,  Inc.  ;  August  1961 . 

Gumming,  W .  A.  ,  "Radiation  Measurements  at  Radio  Frequencies:  A  Survey  of 
Current  Techniques,"  Proc.  IRE.  Volume  47,  No,  5,  pp.  703-735;  May  1959. 


3. 1  Suppression  of  Extraneous  Reflectiona 

The  radar -boresight  error  specification  for  which  the  range  was  designed  was  3 
milliradiahs.  In  a  typical  measurement  problem  of  this  type  it  is  customary  to 
require  that  the  measurement  system  error  be  an  order  of  magnitude  smaller  than 
the  tolerance  of  the  quantity  being  measured.  This  criterion  would,  have  resulted 
in  a  measurement  system  overall  accuracy  of  0.  3  milliradian  and  would  have  limited 
the  error  caused  by  extraneous  reflections  to  the  order  of  0.1  milliradian. 

Calculations  showed,  however,  that  this  oegr^e  of  accuracy  would  have  demanded 
suppression  of  range  reflections  and  tolerances  on  other  measurement  errors  which 
v^ere  not  considered  practicable.  A  more  realistic  range  accuracy  goal  appeared  to 
be  1  milliradian  with  a  maximum  allowable  contribution  from  extraneous  reflections 
of  0.  3  to  0.  5  milliradian. 

The  requ  red  suppression  of  range  reflections  can  be  determined  by  considering  the 
relationship  -if  the  radar  electrical  phase  error  to  boresight  error.  Differentiation  of 
equations  (1)  gives 


d4»j 

■35"  = 


Zird 


sin  a: 


d<|.2 

■3r=  ” 


Zird 

\ 


sin  0  i 


il) 


The  mechanical  spacing  d  between  antenna  centers  is  6.80  i.aches.  Evaluation  of 
equations  (Z)  for  the  range  of  the  variables  a  snd  0  gives  the  approximate  relationship 


d<tj^  =  5da  ; 


d<|)2  =  5d0  . 


(3) 


Referring  to  Figure  3.  I,  let  A  be  the  amplitude  of  the  phasor  at  the  difference  termi¬ 
nals  of  one  of  the  interferometer  summation  networks  caused  by  a  direct -path  signal 
impinging  upon  the  antenna.  If  B  is  the  amplitude  of  the  phasor  produced  by  an 
extraneous  signal  entering  the  same  antenna,  the  maximum  electrical  phase  deviation 
will  occur  v/hen  the  two  phasors  are  in  quadrature.  The  error  e  will  be  (B/A)xlO^ 
millir.adians  if  B-^^A.  For  the  worst-case  condition,  if  equal  and  oppositely  phased 
extraneous  signals  exist  in  each  channel  of  an  interferometer  pair,  the  phase  error 
will  be  2(B/A)xlO^  millir adians,  corresponding  to  a  boresight  error  contribution  of 
about  0.4{B/A)xl0^  milliradians  in  accordance  with  equations  (3). 

If  the  contribution  of  extraneous  signals  is  to  be,  say,  0.  4  milliradian,  we  must  let 


0.4(B/A)xi0^  mr  =  0.4  mr  , 


giving 


B/A  =  10' 


These  calculations  indicate  that  the  maximum  level  of  the  sum  of  all  extraneous 
signals  should  be  held  to  the  order  of  60  decibels  below  the  level  of  the  direct -oath 
signal  to  meet  the  above  criterion.  It  should  be  noted  that  the  calculations  give  the 
maximum  error  contribution  from  one  interferometer  chan.nel.  The  magnitude  of 
the  total  boresight  error  is  given  by  the  rms  sum  of  the  errors  in  the  two  channels. 

,  iNTERftfiOV.ETfft 

'•j/  ANIENNAS  V[7 

'  I  1 

,  I  Y  1  -a)  fUN'CTiONAt  DIAGRAM  OF  ONE 

i  I  \  I  '  CHANfiEL  Of  I'iTRFEROMflER, 


(b)  iOEALiZEC  ?HA.iR  D’AGRAM 
SHOWING  SUMM«:i5N  OF  DIRECT 
PATH  SIGNALS  .S  DifFfRf.DE 
CHANNEL. 
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(c)  PHASOR  [.'I13RAH  SHOWING 
effect  or  E/^RANEODS 
signals  . 


Figure  3.  1.  Illustration  of  the  Effect  of  Extraneous 
Reflections  on  Boresight  Accuracy 
(A=A';  B=B') 
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3.  Z  Range  Length 

In  order  to  establish  the  range  length  it  was  necessary  to  determine  the  extent  of  the 
active  aperture  of  the  radar  antennas,  that  is.  over  liow  much  of  the  spacecraft  quasi 
constant -amplitude,  constant -phase  conditions  must  be  provided.  Upon  consideration 
o;  the  problem  and  after  consultation  with  leading  antenna  authorities,  it  was  concluded 
that  one  could  not  predict  to  any  degree  of  certainty  the  contributions  of  currents  flow¬ 
ing  over  the  surface  of  the  spacecraft  to  the  indicated  boresight  angle.  However,  o.ne 
can  shov.'  easily  that  the  contribution  may  be  significant . It  was  therefore  decided 
that  the  entire  spacecraft  would  be  mocked-up  and  that  the  phase  error  would  be 
limited  to  less  than  y/l6  over  the  aperture  represented  by  the  ma.ximum  projection  of 
the  spacecraft  normal  to  the  direction  of  incidence.  This  would  have  resulted  in  a 
range  length  of  about  700  feet.  The  range  length  was  .set  at  1000  feet  because  this 
length  resulted  in  a  lower  grazing  angle  for  the  ground -reflec ! ion  range  configuration 
and  at  the  same  time  provided  a  more  desirable  phase -variation  limit. 

3 .  3  Gain  of  the  Source  Antenna 

The  maximum  gain  of  the  source  antenna  (actually  the  directivity  rather  than  gain) 
is  limited  because  of  one  of  two  factors:  (a)  the  requirement  for  a  nearly  constant 

3 

field  over  the  test  aperture  and  (b)  the  requirement  for  control  of  the  circularity 
of  the  incident  field  at  the  test  aperture.  To  adequately  simulate  far-zone  condi¬ 
tions,  a  criterion  was  established  that  the  taper  of  the  field  over  the  test  aperture 
should  not  vary  more  than  approximately  0.25  decibel. 

The  maximum  projection  of  the  spacecraft  is  10  feet  at  nose -on  incidence,  but 
the  horizontal  projection  increases  to  appro.ximately  19  feet  as  the  spacecraft  is 
rotated  in  azimuth.  The  variation  of  the  field  in  the  vertical  plane  is  determined 
by  the  ground -reflectio.n  range  configuration  discussed  in  Section  4.  The  variation 
of  the  field  horizontally  is  determined  directly  by  the  directivity  pattern  of  the 
source  antenna.  Howev'er,  it  became  evident  that  the  ground-reflection  range  con¬ 
figuration  was  the  major  factor  i.n  deciding  the  beamwidth  since  the  maiximum 
allowable  height  of  the  center  of  the  source  antenna  was  about  five  feet.  An  8 -foot 
diameter  antenna  was  employed  giving  a  beamwidth  of  about  5  degrees  and  a 
directivity  of  about  30  decibels.**  Estimates  of  the  cross -polar ization  character¬ 
istics  of  a  paraboloidal  reflector  with  an  axial  ratio  of  0.373  indicated  that  the  change 
in  circularity  should  not  be  excessive  over  the  19-foot  test  aperture.  Aperture 
amplitude  and  polarization  patterns  are  presented  in  Section  6. 

^Chastain  ct  al,  Investigation  of  Precision  Antenna  Pattern  Recording  and  Display 
Techniques,  Final  Report,  Contract  AT  3U(bUZ) -27  37 ,  Scientific -Atlanta,  Inc  ,  , 

A'pril  1%3,  AD415912, 

■’Subsequent  measurements  Iiave  shown  that  currents  on  the  spacecraft  do  contribute 
significantly  to  the  boresight  direction. 

'■'■■■In  the  ground-reflection  range  this  directivity  is  increased  by  about  5  decibels  by 
the  in-phase  interference  from  tlie  ground -reflected  wave  , 
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4.  CONSIDERATION  OF  THE  GROUND -REF LECTION >:«  ANTENNA  TEST  RANGE 

The  ground -reflection  antenna  teat  range  has  been  employed  for  a  number  of  years  and 
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has  been  described  in  the  literature.  A  rigorous  description  of  the  theory  of  operation 
is  exceedingly  complex;  however,  its  principle  of  operation  can  be  explained  in  an  ele¬ 
mentary  manner  by  the  method  of  images  of  geometrical  optics  and  by  use  of  Rayleigh's 

5 

criterion  of  roughness  of  physical  ontics. 


The  range  geometry  is  given  by  Figure  4.1.  The  range  is  plane  and  smooth  within 
Rayleigh's  criterion  to  provide  for  specular  reflection  of  the  incident  energy.  At  fre- 
quenciet-.  above  about  100  megacycles  for  nearly  grazing  angles  of  incidence  and  for 
both  horizontal  and  vertical  polarizations,  the  phase  of  the  reflection  coefficient  for  a 
plane  incident  wave  is  virtually  180  degrees.^  Under  this  set  of  assumptions  an  image 
of  the  transmitting  antenna  appears  to  lie  below  the  range  surface,  equidistant  from 
the  antenna,  thus  maintaining  the  angle  of  incidence  i  equal  to  the  angle  of  reflection  r 
at  the  range  surface.  It  has  been  shown  that  for  a  unity  reflection  coefficient  and, 
neglecting  the  vertical  directivity  pattern  of  the  transmitting  antenna,  the  field  varia¬ 
tion  with  height  at  the  test  antenna  is  approximated  by 


Zirh.h^ 

E  =  2E^sin-^ 
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where  E^  is  the  field  produced  by  direct^path  transmission.  E  thus  has  a  sinu¬ 
soidal  variation  with  height,  with  a  value  of  zero  for  h2  =  0  and  a  first  maximum  for 


ZTThih^ 

\R 


*Thi8  type  of  range  has  been  described  by  the  terms  ground -level  and  ground -plane . 
The  term  ground-reflection  more  specifically  describes  the  principle  of  operation  than 
do  the  alternate  designations. 

^Cutler,  C.  C.  ,  A,  P.  King,  and  W.  E.  Kock,  '‘Microwave  Antenna  Measurements,  " 
Proc.  IRE,  Volume  35,  No.  12,  pp.  1462-1471;  December  1947. 
rloUis  and  Moseley,  op  cit. 

Cohen,  A.  ,  and  A.  W,  Maltese,  "The  Lincoln  Laboratory  Antenna  Test  Range,  " 

The  Microwave  Journal,  April  1961. 

dlampanella,  A.  .1.  ,  d.  F.  Douds,  and  R.  E.  Wolfe,  Feasibility  Study  of  a  High 
Performance  Antenna  Test  Range  (U),  HRB  Singer,  Inc.,  Contract  AF  30(602) -2445, 
R^rtilo.  RACC -T&R'-ii - 30 iTT 9  October  1962. 

Christie,  R.  A.,  .\ntenna  Testing  Facilities,  Bell  Telephone  Laboratories,  Inc., 
Whippany,  New  Jersey. 

Communications  with  Mr.  George  Dale,  Bell  Telephone  Laboratories,  Inc.  , 

Whippany,  New  Jersey. 

^Kerr,  D.  E.  .  Propayation  of  Short  Radio  Waves.  Radiation  Laboratory  Series, 

Volume  13,  McGraw-fiul;  equation  1  9  and  footnote  page  16. 

^Jordan,  E.  C.,  Electromagnetic  V/aves  and  Radiating  Systems,  Prentice -Hall,  Inc., 
New  York,  p.  613;  1^1. 
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Cutler  et  al,  op  cit. 
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or 


.  (8) 

In  consideration  of  the  geometry  of  Figure  4.1.  it  is  evident  that,  in  the  ground- 
reflection  antenna  teat  range,  the  incident  wave  produced  by  the  transmitting  antenna 
is  not  plane.  Further,  the  antenna  usually  has  a  significant  change  in  directivity  with 
elevation  angle.  Experimental  measutements  have  shown,  however,  that  equation 
(6)  predicts  the  field  variation  with  height  quite  well  near  the  region  of  the  maximum. 
Although  the  field  may  depart  from  the  predicted  value  in  the  vicinity  of  the  nulls, 
this  is  of  no  consequence  since  the  vertical  aperture  of  the  antenna  under  test  must 
be  limited  to  a  height  d  such  that  the  field  variation  predicted  by  equation  (6)  is  small. 
A  generally  accepted  criterion  for  the  total  variation  is  0.  Z5  decibel. 


Figure  4.  1  ,  Illustration  of  the  Principle  of  the  Ground -Reflection  Range 

Figure  4.  2  shows  the  limits  of  the  field  variation  in  decibels  as  a  function  of  the  nor¬ 
malized  aperture  height  d/h^.  Here,  h^  is  the  height  of  the  renter  of  the  test  aper¬ 
ture,  v’lich  IS  assumed  coincident  with  the  maximum  given  by  equation  (8).  The 
height  hj  is  predicted  by  equation  (8)  to  be  5.75  feet  for  a  range  length  of  1000  feet 
and  height  h^  of  30  feet,  the  nominal  values  for  the  rendezvous  measurement 
problem: 

4.  1  Height  of  the  Apparent  Source  of  Radiation 

The  apparent  source  of  radiation  for  the  ground -reflection  range  can  be  defined  as 
the  center  of  phase  of  the  array  formed  by  the  transmitting  antenna  and  its  image  in 
the  reflecting  surface  of  the  range.  Although  it  has  been  shown  that  a  unique  center 
of  phase  usually  does  not  exist  except  over  a  small  region  of  solid  angle  of  the 


1  3 


APCRTURC.  FfCUL  VARIATION  (OR) 


g  . 

£ar-xon«  pattern  of  a  directional  antenna  .  euch  a  center  of  phaae  can  be  defined  aa 
it  exista  at  the  center  of  the  teat  aperture.  By  the  method  of  imagee  it  can  be  ahown 
that  the  height  of  thia  center  of  phaae  ia  approximated  by 

**  “  TTT  *‘l  • 

where  R  ia  the  amplitude  ratio  of  the  apecularly  reflected  wave  to  the  direct>path 
wave.  Thia  approximation  ia  baaed  on  180-degree  phaae  reveraal  of  the  incident 
wave  at  the  range  aurface  and  conatant  phaae  of  the  tranamitting  antenna  far-aone 
field  with  elevation. 

In  typical  ground -reflection  antenna  range  applicationa  the  phaae  center  (hence  the 
apparent  aource)  ia  often  aaaumed  to  be  located  at  the  interaection  of  the  range  aur¬ 
face  with  the  vertical  line  joining  the  centera  of  the  antenna  and  ita  image.  While 
thia  aaaumption  ia  aatiafactory  for  many  applicationa,  the  height  of  the  apparent 
aource  can  vary  aignificantly;  therefore  it  waa  neceaaary  to  determine  ita  location. 
For  example,  a  radar  accuracy  apecification  of  3  milliradiana  ia  repreaented  by  a 
circle  which  ia  3  feet  in  radiua  at  the  teat  range  of  1000  feet.  It  waa  neceaaary  to 
determine  that  the  location  of  the  apparent  aource  could  be  predicted  with  amall 
error  compared  with  thia  radar  error  apecification.  It  waa  further  required  that  a 
direction  be  aaaigned  for  the  mean  location  of  the  apparent  aource,  which  would  be 
used  aa  a  compariaon  atandard  in  making  the  boreaight  meaaurementa.  The  method 
employed  to  accompliah  thia  and  the  reaulta  are  deacribed  in  paragraph  6.  3. 

4.  2  Range  Surface 

The  primary  requirementa  for  the  range  aurface  are  that  it  be  graded  amooth  within 
Rayleigh's  criterion  and  have  a  shape  which  produces  a  unique  image  of  the  trans¬ 
mitting  antenna  in  the  range  surface  for  all  orientations  of  the  spacecraft  mockup. 
These  requirements  are  met  by  a  plane  surface  over  the  major  area  of  illumination, 
which  is  graded  to  the  tolerances  shown  in  the  plan  vicnv  of  Figure  1. 2. 

iMost  of  the  reflected  energy  comes  from  within  the  first  few  Fresnel  zones  on  the 
9 

range  surface  .  These  zones  are  bounded  by  ellipses  for  a  plane  range  surface  and 
a  point  source  transmitting  antenna.  For  the  range  constants  at  L-band,  the  first 
Fresnel  zone  has  major  and  minor  axes  of  approximately  495  feet  and  22  feet  and  is 
centered  280  feet  in  front  of  the  source  antenna.  The  tenth  Fresnel  zone  has  major 
and  minor  diameters  of  888  and  80  feet  and  is  centered  447  feet  from  the  source 
antenna. 

^Tetsu  Morita.  Determination  of  Phase  Centers  and  Amplitude  Characteristics  of' 
Radiating  Struct. ires.  Technical  Report  No.  1 ,  SR  I ,  Proj.  89^,  Stanford  Res.  Inst.  , 
Menlo  Park,  California,  Contract  bA04-200-ORD-273,  AD68240;  March  1955. 

9 

Campanella  ct  ai,  op  cit. 
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TIm  raiif*  aurfAC*  ia  controllad  over  tha  araa  iadicatad  in  Fig ura  1.2  in  addition  to 
tha  ragion  el  aF^cuU'  raflaction  to  raduca  arrora  from  diffuaa  raflaction. 

Tha  Raylaigh  critarion^^  ia  givan  by 

n  ain  ♦  <  K/k  ,  (10) 

whara  t)  ia  tha  haight  of  a  aurfaca  irregularity,  y  is  tha  gracing  angle  and  k  is  usually 
aat  batwaan  8  and  32,  tha  conatant  32  defining  a  very  amooth  surface. 

Letting  K«8  inchaa  (f'''1428  Me),  and  the  constants  for  the  current  problem, 

and  letting  k«32,  gives  ii<7  inches  or  a3.S  inches.  However,  because  of  the  extreme 
accuracy  requirements  of  the  problem  and  because  the  antenna  range  is  to  be 
employed  in  higher  frequency  applications  later,  the  surface  was  graded  to  a  toler¬ 
ance  of  al  inch.  Surveys  of  tha  range  have  since  led  to  the  conclusion  that  the  graded 
surface  probably  has  a  ai /2-inch  tolerance  exclusive  of  the  Bermuda  grass  cover. 

The  question  of  tha  type  of  surface  which  would  be  employed  was  of  some  concern. 
Gravel  in  tha  form  jf  graded,  crushed  aggregate  would  be  a  good  choice,  because  it 
would  allow  rainwater  to  leach  into  the  surface  and  yet  would  resist  wind  erosion.  It 
was  decided  against,  however,  because  of  the  cost. 

Asphalt  and  concrete  were  considered  but  were  discarded  because  of  the  cost  and  the 
drainage  problem  caused  by  their  lack  of  perviousness.  The  cost  of  asphalt  or  con¬ 
crete  could  have  been  reduced  by  use  of  a  narrow  strip  of  either  material  down  the 
center  of  the  range  with  grass  on  both  sides.  While  this  technique  can  be  employed, 
it  was  rejected  because  of  the  high  angular -accuracy  requirenrient  of  the  measurement 
problem,  the  consequent  desire  to  have  no  linear  discontinuities  along  the  length  of 
the  range,  and  because  of  the  drainage  problem. 

Grass  has  been  criticized  as  a  range  surface  because  the  blades  can  fill  with  water, 
which  has  a  high  dielectric  constant,  resulting  in  changes  in  the  reflecting  character¬ 
istics.  However,  grass  was  chosen  because  of  the  low  initial  cost,  but  with  the 
specification  that  it  be  maintained  closely  mowed.  In  measurements  which  have  been 
made  to  date  the  effect  of  moisture  on  the  grass  or  of  the  moisture  content  of  the 
range  surface  has  been  found  to  be  insignificant.  Specifically,  polar^atioh  measure¬ 
ments  have  been  made  immediately  before,  during,  and  after  a  severe  thunderstorm 
with  a  circularity  change  of  less  than  0,  1  decibel  from  an  axial  ratio  of  0.  5  decibel. 
The  measurement  after  the  rain  was  made  with  large  puddles  of  water  on  the  range. 
Measurements  have  not  been  made  at  frequencies  other  than  L-band,  nor  has  it  been 
possible  to  make  precisely  controlled  measurements  of  the  height  of  the  apparent 
source  immediately  before  and  after  a  rain  for  comparison  purposes. 


Kerr,  op  cit,  equation  (19)  and  footnote,  page  416. 
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5. 


RANGE  INSTRUMENTATION 


Primary  considerations  in  the  design  of  the  instrumentation  system  were  accuracy  of 
the  bore  sight  measurements,  rapidity  and  ease  of  acquiring  data,  and  flexibility  of 
operation.  The  range  can  be  used  for  making  general  antenna  measurements  as  well 
as  boresight  measurements,  and  equipment  is  provided  which  malws  possible 
detailed  study  of  the  characteristics  of  the  range  itself. 

Operation  of  the  range  is  conducted  from  the  centralized  console  shown  in  Figure 
5. 1.  Major  items  of  equipment  are  identified,  indicating  the  degree  of  control  pro¬ 
vided.  Most  of  the  units  shown  are  standard  items  of  range  instrumentation  and  are 
not  discussed  in  detail.  The  positioning  system  a?^  1  other  special  items  are  des¬ 
cribed  in  the  following  paragraph*.  Plans  are  currently  being  considered  for  incor¬ 
porating  the  additional  equipment  necessary  to  extend  the  full  capability  of  the  range 
for  operation  through  X-band. 


CIRCULARITY 

CONTROL 

IIOICATORS 


TRARSNITTER  HEI6HT, 
SOUIflT,  AND  POLARIZATION 
INDICATORS 


9.4>  DICITAL  OFFSET 

CONNAND  AND  yiiT 
READOUT  UNIT 


■  d,  INDICATORS 


ANTENNA 

POSITIONER 
CONTROL  UNIT 


RECORDER 

SIITCH 

PANEL 


ANTENNA 

PATTERN 

REi-ORDER 


POSITIONER  PROCRANNER 

TRANSNITTER  TUHIN6  UNIT 


Figure  5.  1.  Range  Operating  Console.  A  polar  recorder  not 
shown  is  mounted  on  a  removable  wing  normally 
located  at  the  right  o£  the  console. 
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5.1  Spacecraft  Mockup 

Thf  spacecraft  mockup  is  a  full-scale  RF  model  of  the  Gemini  Spacecraft  in  which  the 
major  details  forward  of  the  rear  mounting  structure  are  retained.*  Windows  and 
largs  protuberances  are  included,  but  minor  details,  such  as  skin  corrugations,  are 
omitted.  A  semi-monocoque  design  was  chosen  to  provide  high  mechanical  integrity. 
The  inner  skin,  which  provides  nearly  all  of  the  structural  ,*»r^ngth,  is  thermally  in¬ 
sulated  from  the  outer  skin,  which  serves  to  electrically  simulate  the  skin  of  the 
actual  spacecraft.  To  reduce  structural  deformations  from  stresses  caused  by  non-' 
uniform  solar  heating,  the  interior  of  the  mockup  is  cooled  by  air  supplied  from  the 
air-conditioned  control  building. 

5.  2  Positioning  and  Indicating  Equipment 

The  accuracy  requirements  Of  the  Gemini  rende2voui<i  radar  plus  the  weight  and  size 
of  the  spacecraft  mockup  dictated  that  the  positioner  for  supporting  the  mockup  have 
unusual  positioning  capabilities  and  accuracies.  This  equipment,  the  coordinate 
system  which  is  employed  in  the  boresight  problem,  and  the  method  of  optically 
aligning  the  positioner  and  radar  in  the  coordinate  system  are  described  in  the 
following  paragraphs. 

5.  2. 1  Coordinate  System 

The  coordinate  system  shown  in  Figure  5.2  relates  the  spacecraft  coordinates  (roll, 
pitch,  nnd  yaw),  radar  coordinates,  and  positioner  atxes  to  the  location  of  the  source 


)  . . . . . .  ■  II  1 

’■‘The  spacoernft  mockup  was  designed  by  McDonnell  Aircraft  Corporation  and  fabri¬ 
cated  by  the  6549th  Maintenance  Squadron,  Patrick  Air  Force  Base,  Florida. 


..JA,  .■V'..- 
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of  rBilistlofr"ia  a  composito  coordinato  ayatam.  lliia  iyatam  ia  in  agraatnaat  with 
ataadarda  aatabliahad  by  tiia  L^tar  Ranga  Inatrumantation  Group  (IRIG)  for  taating 
apaea -vahicla  aatanaaa.  Tha  apacacraft  mockup  ia  fixad  with  raapact  to  tha 

XYZ  coordiaata  ayatam,  and  tha  aourca  of  radiation,  dafined  by  tha  point  T',  mo/aa 
ovar  tha  aurfaca  of  tha  aphara.* 

Tha  primad  coordiaata  ayatam  ia  fixad  relative  to  the  radar;  tha  X'Y*  plana  ia  locatad 
cointidant  with  tha  phaaa  centera  of  the  radar  antennaa,  aaaumad  to  be  on  the  aurface 
of  tha  radar  ground  plana,  and  the  Z'  axia  ia  adjuated  coincident  with  the  Z  {roll) 
axia. 

Figure  5.  3  dapicta  tha  coordinate  ayatem  aa  it  ia  oriented  in  the  teat  range,  ahowing 
tha  ralationahip  of  tha  poaitionar  axaa  to  tha  apacecraft  and  radar  coordinate  ayatem. 


Figure  5.  3.  Spherical  Coordinate  System  Shown,  in  Relationship  to  Range  Geometry. 

The  spacecraft  mockup  is  shown  rotated  clockwise  in  6. 

Parallax  between  the  angles  9  and  9'  exists  because  the  spacecraft  mockup  is  canti¬ 
levered  over  the  edge  of  the  control  building  to  reduce  reflections  into  the  radar 
antennas  from  the  control  building  and  positioner.  This  parallax  is  accounted  for  in 


^^"IRIG  Standard  Coordinate  System  and  Data  Format  for  Antenna  Patterns,  "  IRIG 
Document  No.  102-61. 

’’‘Here,  as  in  the  usual  antenna  test  range,  the  line  OT*  remains  fixed  relative  to  the 
earth.  The  coordinate  system  moves  relative  to  the  space -fixed  line  OT’. 
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computation  of  tables  of  the  radar  digital  readout  as  a  function  of  the  O.tf*  orientation 
of  the  mockup. 


5.  2.  2  Positioner 

The  multi -axis  positioner  shown  in  Figure  5.4  supports  and  orient.s  the  full-scale 
Gemini  rnockup.  The  positioner,  which  is  used  here  in  the  same  manner  that  a  con¬ 
ventional  model  tower  is  used  for  supporting  antenna  models,  is  an  azimuth -over - 
elevation -over -azimvith  antenna  positioner.  The  upper-az;muth  axis  is  the  <|>  (roll) 
axis,  and  the  lower-azimuth  axis  is  the  9  axis.  The  elevation  axis  enables  the  and 
9  axes  to  be  adjusted  orthogonal,  and  permits  the  spacecraft  mockup  to  be  mounted 
in  a  vertical  position  for  ease  of  installation. 


Figure  5.4,  Rear  View  of  Spacecraft  Mockup  and  Multi -Axis  Positioner 


t 

In  testing  the  Gemini  radar,  static  measurements**  are  made  in  which  the  spacecraft 
mockup  is  oriented  to  successive  positions,  which  are  indicated  to  an  accuracy  of  ( 


. — ■ 

^An  uncertainty  in  the  parallax  calculations  is  theoretically  caused  by  lack  of  knowl  - 
edge  of  the  location  of  the  phase  centers  of  the  radar  antennas,  A  similar  error  would 
be  introduced  by  the  uncertainty  in  axial  location  of  the  phase  center  of  the  source 
antenna,  however  this  source  of  error  can  be  eliminated  by  squinting  the  antenna  to 
direct  its  beam  axis  toward  the  radar  antennas,  and,  in  any  event,  both  parallax 
errors  are  small . 

’*'*A  preliminary  design  study  io  being  conducted  to  determine  specifications  for  equip¬ 
ment  modifications  to  permit  dynamic  accuracy  measurements  under  conditions  of 
controlled  acceleration  and  velocity  of  ths  mockup. 
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0.01  degree,  and  the  radar  digital  readout  is  compared  with  the  calculated  values. 

To  facilitate  making  these  measurements,  the  positioner  is  controlled  by  a  high- 
performance  two-channel  servo  system  with  independent  operation  of  the  0  and  axes. 

Two  modes  of  operation  of  the  servo  system  are  provided,  a  rate  mode  and  a  position 
mode.  In  the  rate  mode  of  operation,  the  8  and  p  axes  of  the  positioner  are  driven  at 
constant  rates  as  set  by  individual  rate  controls.  Antenna  patterns  may  be  recorded 
in  the  conventional  manner  in  this  mode.  In  the  position  mode  of  operation,  the  posi¬ 
tioner  is  servo-driven  to  manually  set  angles  of  orientation.  The  9,*  command 
angles  and  the  digital  readout  of  positioner  orientation  are  displayed  on  direct-reading 
counters  having  a  resolution  of  0.002  degree.  The  high  resolution  of  the  positioning 
servo  system  makes  it  possible  to  position  the  spacecraft  mockup  smoothly  to  within 
a  few  thousandths  of  a  degree. 

In  addition  to  the  manual  control  capabilities,  the  positioner  can  be  program- 
controlled  to  automatically  generate  a  series  of  d*  cuts  for  examining  the  character¬ 
istics  of  an  antenna  over  the  sphere  of  radiation. 

5.  2.  3  Alignment  of  Coordinate  Systems 

The  Z  and  Z'  axes*  are  brought  to  within  0. 1  milliradian  of  coincidence  by  means  of 
a  precision  clinometer.  The  coordinate  system  is  defined  to  measure  9  from  the  Z 
axis  to  the  line  OT,  The  line  OT  is  defined  as  the  line  joining  the  origin  O  with  a 
surveyed  point  T  on  the  range  surface  directly  beneath  the  center  of  the  source 
antenna.  The  9 -readout  counter  is  set  to  zero  when  the  Z-axis  is  aligned  with  OT. 
Alignment  of  the  Z-axis  and  the  line  OT  is  accomplished  by  the  optical  reflection 
procedure  illustrated  in  Figure  5.  5.  The  line  OT  is  referred  to  as  the  optical 
boresight. 


Figure  5.  5.  Illustration  of  the  Optical  Reflection  Technique  for  Aligning 

the  Z  and  Z'  Axes  with  the  Line  OT 


*The  Z'  axis  is  defined  by  a  line  passing  through  a  reference  point  on  the  radar 
ground  plane  and  normal  to  a  plane  which  is  defined  by  three  flats  on  the  ground 
plane. 
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In  this  procedure,  an  optically  flat  4 -inch  diameter  mirror  ia  mounted  on  a  fixture 
in  front  of  the  radar  with  the  surface  of  the  mirror  parallel  to  the  surface  of  tire 
radar  ground  plane.  A  theodolite  and  target  are  located  at  surveyed  bench  marks  \ 

such  that  the  optical  axis  of  these  instruments  is  aligned  with  OT'.  The  distance  I 

from  the  origin  O  to  the  target  is  approximately  858  feet;  this  distance  places  the  tar-f 
get  and  theodolite  at  a  convenient  eye  level.  | 

j 

The  positioner  is  oriented  to  center  the  target  in  the  mirror,  and  the  spacecraft 
mockup  is  then  rolled  to  detect  any  misalignment  of  the  Z  and  Z‘  axes.  If  required, 
the  positioner  can  be  reoriented  slightly  so  that  the  center  of  the  target  rotates  about 
the  center  of  the  mirror  as  the  mockup  is  rolled.  ITiis  procedure  precisely  aligns  , 
the  Z  axis  with  the  line  OT. 

The  direction  to  the  source  of  radiation  is  defined  by  the  line  OT'.  It  is  necessary  to 
bring  OT  and  OT'  into  coincidence,  since  T'  is  not  necessarily  located  or  the  range 
surface  but  at  a  height  h,  approximated  by  equation  (9).  Because  of  extraneous  reflec¬ 
tions  and  other  measurement  errors,  the  location  of  T'  cajinot  be  determined  as  a 
unique  point,  but  as  the  center  of  a  small  region  of  uncertainty.  The  direction  OT'  is  ' 
measured  by  the  interferometer  procedure*  using  the  interferometer  which  has  a 
resolution  of  about  0.  1  milliradian,  or  the  radar,  which  has  a  resolution  of  approxi¬ 
mately  0.  8  milliradian.  The  line  OT'  thus  defined  is  aligned  with  OT  either  by  moving 
OT'  into  coincidence  with  OT  or  by  moving  the  Z  axis  into  coincidence  with  OT'  with 
the  0  readout  counters  set  to  zero.  OT  can  be  changed  by  varying  the  elevation  squint  ’ 
angle  of  the  transmitting  antenna:  the  Z  axis  can  be  changed  by  tilting  the  positioner 
with  the  mechanism  provided  for  this  purpiose. 

It  is  planned  to  supplement  the  optical  boresight  alignment  system  with  one  in  which  a 
television  camera  with  a  telescopic  lens  is  mounted  in  the  front  of  the  spacecraft 
mockup  and  aligned  optically  with  the  surveyed  point  T,  using  the  previously  described 
optical  boresight  procedure  to  establish  an  accurate  reference.  This  system  will  pro¬ 
vide  a  convenient  monitoring  capability  for  frequent  checks  of  the  boresight  reference. 


Transmitting  Equipment 


The  transmitting  equipment  furnished  for  the  radar  boresight  range  includes  signal 
sources,  antennas,  and  associated  equipment,  antenna  positioning  equipment,  and  | 
equipment  for  making  polarization  adjustments.  All  of  the  transmitting  equipment  is  | 


controlled  remotely  from  the  operating  console,  | 

The  wooden  source  lower  shown  in  Figure  i.  1  was  designed  to  permit  antenna  imped-  |. 


ance,  radio  interference,  and  Gemini  and  Agena  RF  compatibility  measurements  to  be 
made.  TIic  antenna  positioner,  shown  in  Figure  5,6,  is  raised  by  means  of  a  hoist 

■'Soo  paragrapli  6.3, 
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controlled  from  the  operating 
coneole  to  the  proper  height  for 
ground-reflection  range  opera¬ 
tion,  or  to  the  top  of  the  tower 
for  operation  of  the  range  as  an 
elevated  range.  The  antenna 
positioner  provides  for  ±4.  5 
degrees  of  azimuth  and  elevation 
motion  of  the  transmitting 
antenna  and  fpr  rotation  about 
the  axis  of  the  antenna. 

The  circularity  of  the  received 
field  is  adjusted  remotely  by 
varying  the  relative  amplitude 
and  phase  of  the  orthogonal  com¬ 
ponents  of  the  transmitted  field. 

This  capability  makes  it  convenient  to  obtain  polarization  data  oh  the  range  character¬ 
istics  or  the  system  <inder  test.  For  example,  the  circularity  of  the  received  field 
can  be  changed  to  determine  the  sensitivity  of  the  rendezvous  radar  to  polarization 
changes. 

5.  4  Receiving  and  Recordina  Equipment 

Antenna -range  receiving  and  recording  instruments 
include  a  20-Mc  to  100-Gc  wide-range  receiver, 
rectangular-  amd  polar -coordinate  antenna  pattern 
recorders,  and  a  radiation  distribution  printer.* 

Field  probes  are  provided  for  sampling  the  incident 
RF  field  in  front  of  the  spacecraft  mcckup.  The 
aperture  field  probe  is  shown  in  Figure  5.7;  the 
horn  antenna  is  mounted  on  a  small  remotely  con¬ 
trolled  carriage.  With  this  device  mounted  on  the 
front  of  the  spacecraft  mockup,  the  field  amplitude 
distribution  can  be  determined  over  a  16 -foot 
diameter  aperture. 

Figure  5.7.  Aperture  Field  Probe  with  Horn  Antenna  Mounted  on  Carriage 


Figure  5i6.  Tr  ansmitting  Antenna,  Positioner, 
and  Hoist  Viewed  Looking  Toward 
the  Control  Building 


"An  instrument  for  numerically  recording  the  relative  antenna  gam  in  decibels  as 
sampled  at  discrete  angular  increments  in  9  and  O.  See  L.  Clayton  and  J.  S.  Hollis, 
Polarization  Analysis  by  M.rasurement  of  Multiple  Components,  1 3th  Annual  Sym- 
posium  ifSAF  Antenna  Research  a. id  development  Program;  October  14-18,  1963^ 
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Th«  polarisation  prob«  is  shown  in  Figure  5.  S  mounted  on  the  fi‘ont  section  of  the 
spacecraft  mockup.  The  polarisation  positioner  can  be  mounted  on  the  aperture  field 
probe  as  shown  in  Figure  5.  9  to  permit  measurements  of  polarization  over  the  test 
aperture. 


PROBE 


Figure  5.  9.  Illuetration  of  the  Use  of  the  Polarization  Probe 
to  Obtain  Polarization  Patterns  as  a  Function  of 
Position  in  Test  Aperture 


6. 


MEASUREMENTS 


6. 1  Introduction 

A  field  trip  was  made  to  validate  the  range  in  the  ground -reflection  mode  for  making 
acceptance  measurements  of  the  rendezvous  radar  boresight  accuracy.  To  deter¬ 
mine  the  performance  of  the  range  measurements  were  made  (1)  of  the  amplitude 
and  polarization  of  the  incident  field  over  the  test  aperture,  and  (2)  of  the  specific 
capability  of  the  range  for  making  boresight  measurements.  Samples  of  the  data 
are  presented  in  the  following  paragraphs. 

While  indicative  of  the  performance  of  the  range  at  L-band,  the  measurements  are 
in  no  sense  comprehensive  and,  in  fact,  raise  rhany  questions  concerning  the 
detailed  mechanism  of  the  tange  operation  which  are  worthy  of  investigation  and  for 
which  the' instrumentation  is  already  provided.  Because  the  measurements  to  deter¬ 
mine  the  boresight  capability  of  the  range  are  somewhat  unusual,  the  procedure  used 
in  making  the  measurements  is  described  in  some  detail. 

6.2  Ap>erture -Field  Measurements 
6.  2.  1  Amplitude 

Field  patterns  were  recorded  over  a  16 -foot  diameter  aperture  in  front  of  the 
spacecraft  mockup  employing  the  aperture  probe  shown  in  Figure  5.7.  The  probe 
was  mounted  to  the  front  of  the  mockup  and  parallel  with  the  pitch  axis.  Measure¬ 
ments  were  made  with  the  mockup  oriented  at  ze/o  degrees  in  9;  the  mockup  was 
rolled  to  successive  <{>  angles,  and  the  field  was  explored  by  moving  the  sampling 
antenna  radially  across  the  center  of  the  aperture. 

A  linearly  polarized  hern  antenna  with  a  gain  of  about  15  decibels  and  with  30- 
degree  beamwidths  was  mounted  to  the  probe  carriage.  The  purpose  of  using  a 
relatively  high -directivity  antenna  was  to  minimize  the  effect  of  reflections  from 
the  probe -support  structure  and  spacecraft  mockup  to  give  a  measure  of  the  incident 
field.  The  relative  position  of  the  horn  on  the  carriage  was  adjusted  for  each 
angle  to  obtain  patterns  of  the  vertical  and  horizontal  polarizakion  components  as  a 
function  of  radial  distance  from  the  roll  axis.  Aperture  field  patterns  are  giv'en  in 
Figure  6.1. 

Figures  6.  1(a)  and  6.  1(b)  are  patterns  of  the  vertical  and  horizontal  polarization 
components  as  a  function  of  vertical  position  in  the  aperture.  From  equation  (8), 
the  calculated  height  h^  of  the  transmitting  antenna  which  produces  an  interference 
maximum  at  the  center  of  the  receiving  aperture  is  5.75  feet.  The  corresponding 
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height  of  the  transmitting  antenna  was  de*  ;rmined  experimentally  to  be  approxi¬ 
mately  5. 1  feet.  For  these  patterns  the  elevation  squint  angle  of  the  transmitting 
antenna  was  <-0.5  degree  (down).  It  was  found  that  the  height  of  the  interference 
maximum  does  not  vary  appreciably  with  small  changes  in  elevation  squint  angle, 
indicating  that  the  phase  of  the  far-zone  pattern  of  the  transmitting  antenna  is  rela¬ 
tively  constant  with  elevation  angle.  Adc'itional  measurements  are  required  to 
explain  the  difference  between  the  height  h|  calculated  by  the  simplified  theory  lead¬ 
ing  to  equation  (8)  and  that  determined  ex  perimentally. 

It  is  seen  that  the  peak  of  the  interference  pattern  for  the  horizontal  component  is 
approximately  1  foot  lower  than  that  of  the  vertical  compon-xnt.  The  height  of  the 
transmitting  antenna  could  be  readjusted  for  a  best  compromise  for  the  two  polari¬ 
zations,  although  from  a  practical  viewpoint  this  is  a  finer  adjustment  than  is  likely 
to  be  necessary. 

The  shapes  of  the  vertical  patterns  are  in  virtual  agreement  with  those  predicted  by 
equation  (6)  and  Figure  4.  2.  The  vertica.  taper  of  the  field  is  approximately  0.  25 
decibel  in  10  feet,  which  is  the  maximu'a  diameter  of  the  spacecraft.  Because  of 
the  small  difference  in  the  height  of  the  horizontal  and  vertical  polarization  maxima, 
the  total  vertical  taper  is  approximately  0.  35  decibel. 

Figures  6. 1(c)  and  6. 1(d)  are  patterns  of  the  vertical  and  horizontal  polarization 
components  as  a  function  of  horizontal  position  in  the  aperture.  The  amplitude 
taper  in  the  horizontal  plane  is  a  function  of  the  beamwidth  of  the  transmitting 
antenna.  The  horizontal  dimension  of  the  aperture  represented  by  the  mockup  is  10 
feet  when  the  mockup  is  oriented  to  zero  degrees  in  9  and  increases  to  approxi- 
rnately  19  feet  as  the  mockup  is  positioned  to  the  specified  limits  in  9.  Under  these 
conditions  the  transmitting  antenna  beamwidth  is  sufficient  to  provide  an  illumina¬ 
tion  taper  of  less  than  about  0.  25  decibel. 

The  vertical  and  horizontal  field  patterns  provide  an  indication  of  the  proper  adjust¬ 
ment  of  the  height  and  squint  angles  of  tht;  transmitting  antenna,  and  confirm. that 
the  range  operates  iii  general  accordance  with  the  theory  discussed  in  Section  4. 

The  smoothness  of  the  patterns  indicates  virtual  freedom  of  interference  from 
objects  which  are  within  the  directivity  pattern  of  the  probe  horn.  The  high  degree 
of  suppression  of  extraneous  reflections  required  for  the  boresight  measurement 
problem  dictates  a  measurement  technique  of  greater  sensitivity  and  accuracy,  as 
discussed  in  paragraph  6.  2,  to  determine  the  range  capabilities  for  this  application. 

6.  2.  2  Polarization 

Polarization  patterns  of  the  incident  fiel  '  were  made  with  the  polarization  probe 
shown  in  Figure  5.7.  The  linearly  polarized  probe  antenna  shown  in  this  photograph 
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(a)  Vertical  Pattern,  Vertical  Polarization 


(c)  Horizontal  Pattern,  Vertical  Polarization 
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(d)  Horizontal  Pattern,  Horizontal  Polarization 

DISTANCE  FROM  CENTER  OF  APERTURE  (FEET) 
(DOWN,  LEFT)  (UP,  RIGHT) 

Figure  6.1.  Aperture  Field  Patterns 
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wa*  amployed  for  these  measurements.  The  circularity  of  the  incident  field  at  the 
center  of  the  test  aperture  was  adjusted  from  the  operating  console  by  ,  varying  the 
relative  amplitude  and  phase  of  the  vertical  and  horizontal  field  components  of  the 
source  antenna.  This  adjustment  capability  permits  cornpensation  for  the  difference 
in  reflection  coefficient  of  the  range  surface  for  the  horizontal  and  vertical  field 
components  and  permits  measurements  to  be  made  of  the  sensitivity  of  the  measured 
boresight  direction  to  the  polarization  of  the  incident  field.  The  polarization  pattern 
shown  in  Figure  6.  2  illustrates  that  the  axial  ratio  can  be  adjusted  to  less  than  0.  1 
decibel  at  a  given  position  in  the  test  aperture. 

Figures  6.  3  and  6.4  indicate  the  range  of  adjustment  provided  by  the  circularity 
control  unit.  Figure  6.  3  is  a  family  of  polarization  patterns  with  relative  amplitude 
*  parameter.  The  relative  phase  between  the  orthogonal  components  is  approxi¬ 
mately  90  degrees. 

Figures  6.4(a)  and  6.4(b)  are  polarization  patterns  recorded  as  a  function  of  the 
relative  phase  angle  between  orthogonal  field  components.  Figure  6.4(a)  is  re¬ 
corded  in  decibels;  Figure  6.4(b)  is  a  linear  voltage  recording  for  approximately  the 
same  phase  variations. 

The  circularity  control  unit  may  be  employed  to  obtain  precise  linear  polarization  of 
the  incident  field  after  insertion  of  a  ;.xed  phase  delay  to  increase  the  range  of 
adjustment.  The  patterns  of  Figure  6.4  degenerate  into  the  linearly  polarized 
P*^**’*'*  shown  in  Figure  6.5  with  ®  tilt  angle  of  45  degrees  as  the  relative  phase  goes 
to  zero.  The  linear -voltage  pattern  of  Figure  6.  5(b)  has  the  predicted  classic  shape 
of  two  tangent  circles.  The  tilt  angle  of  the  incident  field  can  be  set  by  rolling  the 
transmitting  antenna  about  the  axis  of  the  beam. 

The  axial  ratio  of  the  incident  field  at  the  center  of  the  test  aperture  as  a  function  of 
frequency  is  given  in  the  graph  of  Figure  6.6.  The  change  in  axial  ratio  is  probably 
caused  by  amplitude  and  phase  changes  in  the  circularity  control  circuits  of  the  trans¬ 
mitting  antenna.  The  change  is  negligible  oyer  the  operating  range  of  the  Gemini 
rendezvous  radar. 

Polarization  patterns  as  a  function  of  position  in  the  receiving  aperture  were  recorded 
by  mounting  the  polarization  probe  on  the  aperture  field  probe  as  illustrated  in  Figure 
5.  9.  Axial  ratio  as  a  function  of  vertical  and  horizontal  position  in  the  aperture  is 
given  in  Figure  6.7.  These  patterns  were  recorded  after  adjustment  of  the  circularity 
at  the  center  of  the  test  aperture  and  without  changing  the  transmitting  antenna  squint 
angles. 

The  variation  in  axial  ratio  with  horizontal  position  in  the  test  aperture  is  largely 
caused  by  the  off-axis  depolarization  characteristics  inherent  in  the  paraboloidal 
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(a)  Decibel  Scale 


(b)  Linear-Voltage  Scale 


Polarization  Pattern  of  Linearly  Polarized  Field 


31 


(511II31II  iu«  mi'i  (S13II510)  mu 


FREaUEICT  (NCMCrCLES) 

Figure  6.6.  Axial  Ratio  as  a  Function  of  Frequency 
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Fig’ire  6.7.  Axial  Rati"'  as  a  Function  of  Position  in  the  Aperture 


transmitting  antenna.  A  less  directive  transmitting  antenna  would  result  in  both  a 
smaller  variation  in  axial  ratio  and  a  smaller  taper  of  the. field  amplitude  with  hori¬ 
zontal  position,  but  would  increase  ths  susceptibility  to  extraneous  reflections.  The 
directivity  employed  appears  to  be  a  reasonable  compromise. 

6.  3  Boresight  Measurements 

6.  3. 1  Discussion  of  the  Measurement  Problem 

To  determine  the  boresight  measurement  capability  of  the  range,  it  is  necessary  to 
measure  the  direction  of  arrival  and  purity  of  the  phase  front  of  the  incident  field. 
The  measurements  must  be  made  either  with  a  device  that  does  not  perturb  the  inci¬ 
dent  field  or  with  a  measuring  technique  that  is  not  affected  by  reflections  from  the 
test  device.  Furthermore, '  these  measurements  must  be  made  under  conditions  that 
simulate  the  specific  boresight  measurement  problem.  High -directivity  antennas 
cannot  be  employed  in  the  measuring  device  because  their  directivity  would  discrim¬ 
inate  against  wide-angle  reflections  to  which  the  radar  is  sensitive. 

Direct  measurement  of  incident -field  phase  over  the  aperture  to  the  required 
accuracy  was  considered  impractical  because  of  probe -structure  reflections  and 
mechanical,  limitations.  It  was  decided  to  employ  an  interferometer  with  radiation 
characteristics  similar  to  those  of  the  radar  to  determine  the  direction  to  the 
apparent  source  in  a  manner  that  cancels  errors  caused  by  reflection  of  energy  from 
the  probe-support  structure.  The  spacecraft  mockup  was  employed  to  support  the 
interferometer  so  that  double -bounce  reflections  between  the  support  structure  and 
fixed  objects  would  be  taken  into  account,  and  so  that  the  same  degree  of  shielding 
of  the  test  positioner  which  exists  during  radar  boresight  measurements  would  be 
provided. 


6.3.2  Principle  of  Operation  of  the  Interferometer 

The  interferometer  functions  in  the  manner  of  the  Gemini  rendezvous  radar  to  pro¬ 
duce  nulls  in  the  two  interferometer  channels  which  are  determined  by 

(a)  the  angles  of  rotation  of  the  azimuth  and  elevation  spirals 
relative  'o  the  reference  spiral, 

(b)  the  circuit  phase  delays  of  the  azimuth  and  elevation  channels, 

and  ,  ,  ■ 

(c)  the  direction  to  the  source  of  radiation. 

A  block  diagram  of  the  interferometer  is  given  in  Figure  6.8.  The  ground  plane 
and  spiral  antennas  are  identical  with  those  of  the  Gemini  rendezvous  radar.  Rota- 
t'ori  of  the  azimuth  and  elevation  antennas  and  control  of  the  variable  attenuators  is 


effected  from  the  operating  coha  '>  to  obtain  a  null  in  each  channel.  Readout  of  the 
rotation  of  the  spiral  antennas  is  not  provided;  instead,  the  direction  of  arrival  of 
the  incident  field  is  determined  by  the  following  procedure. 

(a)  From  Figures  5.  3  and  6.  9  it  is  seen  that  the  line  OT  is  identically 
located  relative  to  the  spececraft  under  two  sets  of  conditions: 

(1)  with  the  spacecraft  mockup  rotated  clockwise  about  the  6  axis 
to  a  position  0,<^,  and  (2)  with  the  mockup  rotated  counterclockw ise 
about  the  6  axis  and  rolled  180  degrees  in  4>  to  the  same  position 
6,(>.  The  position  in  the  latter  case  is  identified  by  the  underscored 
symbols  6., 

(b)  The  relationship  of  the  line  OT  to  the  mockup  is  unchanged  under  the 
two  conditions  described  in  (a),  but  the  mockup  is  inverted  and  changed 
in  position  relative  to  earth -fixed  objects.  The  source  of  radiation  T' 
is  earth -fixed  relative  to  T  and  therefore  moves  in  the  space -fixed 
coordinate  system  to  the  position  T^  as  illustrated  when  the  positioner 
is  rotated  to  9,. 

(c)  If  T'  is  located  at  T,  and  if  the  interferometer  is  nulled  with  the 
mockup  positioned  to  a  given  6,  ^  orientation,  a  null  will  also  exist 
when  the  mockup  is  otated  counterclockwise  about  the  9  axis  to  the 
identical  9,  ^  orientation. 

(d)  If  T'  is  not  coincident  with  T,  the  location  of  T'  can  be  determined 
by  nulling  the  interferometer  at  a  given  9,  orientation  and,  without 
changing  the  electrical  adjustment,  positioning  the  mockup  to  a  direc¬ 
tion  *  which  nulls  both  channels.  This  procedure  moves  ^  to  its 
original  location  T'  in  the  space -fixed  coordinate  system.  The  loca¬ 
tion  of  T'  relative  to  T  can  be  calculated  from  the  measured  9,  4>  and 
9,  jangles. 

Reflections  from  tlie  spacecraft  mockup  do  not  introduce  measurement  errors 
because  the  spacecraft  illumination  is  identical  for  the  two  null  conditions.  In  addi¬ 
tion,  the  interferometer  absolute  accuracy  is  not  a  factor  because  the  interferometer 
adjustment  is  unchanged  during  the  course  of  a  measurement. 

The  interferometer  method  described  measures  the  direction  of  OT'  but  does  not 
provide  information  concerning  the  distance  OT'.  The  direction  OT'  is  defined  by 
t!io  mirror  symmetry  of  the  incident  field  for  the  clockwise  and  counterclockwise  8 
orientations.  Discussions  referring  to  the  location  of  the  apparent  source  are 
made  on  the  assumption  that  the  center  of  phase  lies  in  the  plane  of  the  source 
antenna. 
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6.3.3 


Practical  Conaiderationa 


Tha  proceas  of  poaitioning  the  mockup  to  obtain  nulls  in  both  interferometer 
channels  aimultaneously  aa  described  in  paragraph  6.3.2  io  time-consuming. 
Therefore,  the  procedure  illustrated  by  Figure  6.10  was  employed  in  which  the 
two  interferometer  channels  are  nulled  independently.  The  spacecraft  mockup  is 
positioned  about  the  roll  axis  to  orient  the  antennas  horizontally  and  vcitically . 

One  interferometer  channel  is  employed  for  azinriuth  measurements  and  the  other 
for  elevation  measurements.  The  interferometer  is  nulled  for  the  direction  OT* 
for  the  clockwise  orientation  of  the  9  axis  as  in  paragraph  6.3.2.  For  the  counter¬ 
clockwise  orientation,  azimuth  nulls  are  obtained  by  rotation  through  A9;  elevation 
nulls  are  obtained  by  rotation  in  elevation  through  by  means  of  the  elevation 
axis  of  the  positioner,  indicated  in  Figure  6.10.  It  is  seen  that  OT'  is  located 
relative  to  OT  by  azimuth  and  elevation  angles  (.d6)/2  and  (dkCcos9)/2,  respectively. 

The  effect  of  extraneous  reflections  from  sources  external  to  the  spacecraft  mockup 
is  to  causa  scattering  of  the  measured  location  of  the  apparent  source  as  test  condi¬ 
tions  such  as  the  position  of  the  spacecraft  are  changed.  The  magnitude  of  the  effect, 
of  extraneous  reflections  on  the  measured  boresight  direction  is  discussed  in  para¬ 
graph  3. 1.  It  should  be  noted  that  the  interferometer  measurement  method  is  sensi¬ 
tive  to  at  least  the  following  error  sources  in  addition  to  errors  from  extraneous 
reflections . 

(a)  spacecraift  positioner  and  angle -readout  errors, 

(b)  coordinate  system  misalignment, 

(c)  frequency  drift, 

(d)  amplitude  and  polarization  variations  of  the  incident  field, 

(e)  RF  leakage  into  the  interferometer  circuits,  and 

(f)  interferometer  changes  caused  by  gravity. 

The  measurement  procedure  requires  that  the  mockup  be  rolled  180  degrees  in  moving 
from  9,<^  to  9,  and,  therefore,  the  measurements  are  sensitive  to  effects  of 
gravity.  For  example,  loose  cables  behind  the  interferometer  panel  which  can  change 
in  position  as  the  mockup  is  rolled  can  cause  large  errors  by  introducing  a  different 
field  perturbation  for  the  two  opposite  orientations  of  the  interferometer.  Further¬ 
more,  the  interferometer -measurement  procedure  provides  a  means  for  testing  the 
radar  for  errors  caused  by  rolling  the  mockup.  It  was  found  during  range  tests  that 
an  error  of  a  few  tenths  of  a  milliradian  was  introiluced  by  the  deflection  of  shock 
mounts  on  which  the  interferometer  was  mounted. 
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In  making  the  meaeurements  which  are  presented  in  the  following  paragraphs,  it 
was  necessary  to  exercise  extreme  care  in  each  of  the  items  listed  above. 

6.  3.  4  Interferometer  Test  Results 

I 

Figure  6.11  is  a  scatter  plot  of  the  measured  azimuth  of  the  apparent  source  of 
radiation  as  a  function  of  6  over  the  range  of  0  to  25  degrees.  The  data  were 
taken  over  a  period  of  several  days  and  were  made  in  conjunction  with  apparent- 
height  measurements. 

The  measured  data  show  a  counterclockwise  bias  of  about  0.  35  milliradian 
and  a  total  scatter  of  about  0.  55  milliradian  from  the  mean.  The  indicated  bias  is 
probably  a  result  of  an  initial  optical  boresight  error  which  occurred  prior  to 
refinement  of  the  optical  boresight  procedure.  The  azimuth  error  appears  to  be 
independent  of  6. 

Figure  6.12  shows  curves  of  the  measured  height  of  the  apparent  source  as  a  function 
of  6  for  an  elevation  squint  angle  of  -0.5  degree.  The  measurements  were  made 
under  a  number  of  different  conditions  and  over  a  period  of  several  days.  After 
curve  (1)  was  made  the  coordinate  system  alignment  was  checked  and.  the  optical 
boresight  tests  were  repeated  before  taking  the  data  represented  by  the  remaining 
curves. 

From  the  data  presented,  the  mean  elevation  of  the  apparent  source  is  0.  35  milli¬ 
radian  above  the  range  surface  and  the  maximum  error  from  the  mean  is  1.  17 
milliradian.  However,  it  is  felt  that  curve  (1)  is  not  representative  of  the  range 
capabilities  becau.oe  of  misalignment  errors  and,  excluding  curve  (1),  the  data 
indicate  a  mean  elevation  of  0.  25  milliradian  above  the  range  surface  and  a  maxi¬ 
mum  error  of  0.  55  milliradian  from  the  mean. 

The  interferometer  elevation  channel  was  employed  for  curves  (1)  and  (2)  and  the 
azimuth  channel  was  employed  for  the  remainder  of  the  curves  by  rolling  the  space¬ 
craft  mockup  90  degrees  in  (t). 

For  curves  (5)  and  (6)  the  transmitting  antenna  was  squinted  in  azimuth  to  direct  the 
axis  of  the  beam  to,vard  the  interferometer.  From  these  curves  there  appears  to 
b'.  a  slight  improvement  from  squinting  the  source  antenna,  although  the  effect  was 
not  noticed  in  the  azimuth  tests. 

Figure  6.13  is  a  graph  of  the  measured  height  of  the  apparent  source  as  a  function 
of  the  elevi.tion  squint  angle  of  the  source  antenna.  The  dashed  curve  was  calculated 
from  equation  (9)  on  the  assumption  of  a  (sinxj/x  radiation  pattern  with  a  3-decibel 
elevation  beamwidth  of  S  degrees  and  unity  reflection  coefficient  at  the  range  surface. 
It  IS  soon  that  the  measured  data  are  in  general  agreement  with  the  calculated  data. 
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Measured  Aritnuth  of  the  Apparent  Source  Versus  0  at  L-Band 


Figure  6.  12.  Measured  Height  of  the  Apparent  Source  Versus  0  at  L-Band 
The  transmitter  elevation  aquint  angle  is  -0.  5  degree. 


Squint  Angle.  The  daehed  curve  was  calculated  from  equation  (9). 


Furthermore,  the  smoothness  Of  the  experimental  curve  indicates  the  high  accuracy 
capability  of  the  interferometer  technique. 

7.  SUMMARY 

Measurement  of  the  Gemini  radar  boresight  accuracy  required  development  of  a 
test  range  with  suppression  of  extraneous  signals  on  the  order  of  60  decibels, 
establishment  of  a  circularly  polarized  incident  field  with  low  axial  ratio  and  ampli¬ 
tude  taper  over  the  active  aperture  of  the  spacecraft  mockup,  and  provision  for 
precise  positioning  of  the  rnockup.  Careful  design  and  construction  of  the  ground- 
reflection  range  resulted  in  a  low  level  of  extraneous  reflections.  Aperture  ampli¬ 
tude  and  polarization  test  probes  provide  an  indication  of  the  proper  adjustment  of 
the  incident  field.  A  precision  multi-axis  positioner,  controlled  by  a  high- 
performance  servo  system,  supports  and  positions  the  spacecraft  mockup  with 
positioning  and  readout  accuracies  of  0.  01  degree.  The  accuracy  of  the  optical 
boresight  technique  developed  for  aligning  the  coordinate  system  is  0.  1  milliradian. 

A  two-channel  interferometer  was  employed  in  the  L-band  range -validation  tests 
to  measure  the  direction  to  the  apparent  source  and  the  purity  of  the  phase  front 
by  a  method  which  is  insensitive  to  reflections  from  the  probe -support  structure. 

Tests  indicate  that  the  measurement  accuracy  of  the  interferometer  is  a  few  tenths 
of  a  milliradian.  The  measured  scatter  in  the  location  of  the  apparent  source  was 
within  approximately  0.  55  milliradian  of  the  mean  in  azimuth  and  elevation.  The 
height  of  the  apparent  source  measured  as  a  function  >f  elevation  squint  angle  of  the 
transmitting  antenna  is  in  general  agreement  with  that  calculated  on  the  basis  of  a 
point  source  and  a  plane  reflecting  surface. 

In  measurements  made  to  date,  the  effect  of  moisture  on  the  range  surface  has  been 
found  to  be  insignificant  at  L-band.  It  is  anticipated  that  the  range  will  be  evaluated 
at  higher  frequencies,  both  as  an  elevated  range  and  as  a  ground -reflection  range, 
and  at  lower  frequencies  as  a  ground -reflection  range. 

Experience  gained  in  the  operation  of  the  range  for  preliminary  tests  of  the  Gemini 
rendezvous  radar  confirms  that  the  range  meets  the  design  objectives  and  has  additional 
merit  in  the  rapidity  with  which  measurements  can  be  made  and  in  the  flexibility  pro¬ 
vided  for  controlled  experiments. 
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EFFECT  OF  AMBIENT  PLASMA  ON  ANTENNA^mEAKDOWN 
AND  RADIATICm  CHARACTERISTIC  (U) 

**  ** 

John  B.  Chown  and  David  E.  Weissman 


Most  of  the  treatments  of  the  attenuation  experienced  during  re¬ 
entry  consider  only  the  low-signal-level  case,  where  the  power  is 
such  that  the  plasma  is  undisturbed  by  the  field.  The  purpose  of 
this  presentation,  however,  is  to  explore  the  nonlinear  plasma  effects 
that  occur  at  higher  power  levels  and  ultimately  limit  the  amount  of 
power  that  can  be  radiated  from  a  given  antenna. 

The  breakdown  of  antennas  at  low  pressure  has  been  studied  in 

1  -  S 

the  past  by  various  investigators.  The  equation  that  describes 
the  breakdown  mechanism  for  CW  is: 


where  v.  is  the  frequency  of  ionization  per  electron,  V  is  the 
1  a 

frequency  of  attachment  per  electron,  D  is  the  diffusion  coefficient, 
A  is  the  diffusion  length  for  the  particular  geometry  and  conditions 
considered.  The  above  equation  is  normalized  to  pressure  assuming 
T  =  273  K.  The  pressure,  P,  is  Included  here  as  a  measure  of  the 
collision  frequency.  The  data  to  be  presented  later  are  given  in 
terms  of  V,  the  collision  frequency.* 


The  work  described  herein  was  supDur-.ed  by  Sperry  Gyroscope  Company 
under  BoD  prime  Contract  AF  04(694)-330. 

Stanford  Research  Institute.  Menlo  Park,  C.iliforni3. 

V  for  elevated-lemperaiure  air  :  -  as.-.unied  to  be  4  x  sT  . 


*■ 


The  right  side  of  the  above  equation  represents  the  loss  of 
electrons  by  attachisent  and  diffusion  respectively,  while  the  left 
side  Is  the  production  rate  of  electrons  due  to  the  presence  of  the 
XF  field. 

A  series  of  iseasureBents  has  been  Made  using  a  low-pressure  flame 

to  determine  the  effect  of  incident  power  level  on  the  power  radiated 

from  a  slot  antenna  submerged  in  an  ionized  medlioo.  Data  were  obtained 

* 

at  several  different  collision  and  plasma  frequencies.  The  L-band 
slot  antenna  used  in  the  tests  is  shown  In  the  low-pressure  vessel 
(Fig.  1).  The  slot-backing  cavity  was  filled  with  Teflon  and  a  thin 
alumina  window  used  as  a  pressure  seal.  A  thin  plasma  layer  of 
thickness  (d)  was  produced  over  the  slot  surface,  using  a  potassium- 
seeded  ethyl ene^oxygen  flame.  The  carbon  burning  chamber  and  thin  slit 
through  Which  the  thei'mally  ionized  gas'  passes  is  visible  below  the 
antenm^.  Ihe  plasma  thickness  was  sudi  that  d  «  a  condition  that 
is  si'dilar  to  the  plasmas  existing  about  slender  re-entry  bodies. 
Vlsxble  also  in  the  low-pressure  chamber  is  a  movable  unbalanced  ion 
probe,  used  to  obtain  the  plasma-density  profiles. 

Figure  2  presents  the  power  required  for  breakdr..vn  as  a  function 

of  collision  frequency  y.  The  top  curve  indicates  the  breakdown  power 

level  for  free  diffusion  D,  and  the  lower  curve  for  ambipolar  diffusion 
,  **  ■  * 

).  In  the  breakdown  process,  the  diffusion  loss  mechanism 

a 

dominates  below  the  minimum  breakdo^vn  power  point. 

♦  4  /“ 

Plasma  frequency  uu  -rj  2]t  x  10  vN  ,  where  N  is  the  electron  density 

per  cubic  centimeter. 

**  '  ■ 

(1)  Amblpolar  diffusion  is  applicable  when  the  Debye  length,  \  <  A 

the  diffusion  length.  ‘ 

(2)  Loss  of  electrons  via  aablpolar  diffusion  is  approximately 
i/40  that  of  the  rate  when  free  diffusion  is  assumed. 
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In  an  un*ionlzcd  gas  or  one  of  very  low  degree  of  ionization,  the 
free  diffusion  coefficient  is  used  to  determine  the  breakdown  field 
strength.  When  an  antenna  is  ioHscrsed  in  a  plasma,  however,  the 
diffusion  process  may  be  ambipolar.  Under  this  condition,  the  electrons 
remain  in  the  region  of  high  electric  fields  for  longer  periods  of  time 
than  under  free-dif fusion  conditions.  Thus,  their  probability  of  gaining 
Ionizing  energy  is  Increased  and  the  breakdown  field  strength  (and 
consequently  power  level)  is  reduced. 

In  Pig.  3  the  power  radiated  normal  to  the  L^band  slot  antenna  is 
given  for  various  ratios  of  The  collision  frequency  corresponds 

to  the  minimum  power  handling  point  in  Fig.  3.  Where  high  fields  are 
present  and  breakdown  considerations  are  important ,  the  plasma  becomes 
nonlinear  in  the  sense  that  as  the  power  delivered  to  the  antenna  is 
increased  the  characteristics  of  the  medium  are  altered.  As  can  be 
seen  in  Fig.  3,  when  the  plasma  is  such  that  uu^  «  u)  and  free  diffusion 
is  applicable,  the  change  in  the  plasma  is  abrupt  and  the  power  radiated 
typically  decreases  by  an  order  of  magnitude.  When  u>p  ^  u)  and  the 
diffusion  is  ambipolar,  the  decrease  in  the  radiated  power  is  only  a 
few  decibels,  since  the  initial  breakdown  level  has  now  decreased.  In 
the  case  where  >  tu,  the  transition  to  the  nonlinear  plasma  condition 
is  gradual,  with  no  abrupt  change  in  signal  level.  Once  breakdown  has 
been  sustained,  however,  the  radiated  signal  level  is  essentially  the 
same.  Irrespective  of  the  initial  conditions. 

As  the  power  is  increased  (Fig.  3)  beyond  the  breakdown  level,  the 
additional  power  is  absorbed  in  the  plasma,  which  grows  in  extent  and 
density.  Figure  4,  which  is  the  plasma -density  profile  noriaal  to  the 
slot  obtained  with  the  probe,  indicates  this  point  clearly.  Even  though 
the  ambient  electron  density  levels  differ  by  an  order  of  magnitude, 
once  the  RF  power  is  applied  and  breakdown  occurs,  the  density  profiles 
are  essentially  the  same.  It  can  thus  be  seen  that  for  thin  plasmas, 
which  are  considered  here,  once  breakdown  exists,  the  power  radiated 
is  ostensibly  independent  of  the  initial  conditions  and  the  low-signal- 
level  attenuation  as  well. 
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Cone  Itu  Ions 


♦ 


(i)  Once  the  RF  field  !Mf.Rnitude  is  such  that  the  plasna  becoaes 
nonlinear,  increasing  the  power  delivered  to  the  antenna  does 
not  increase  the  radiated  power,  but  nerely  increases  the 
teaperature  and  extent  of  the  plasaa . 

(3)  Hie  tests  indicate  that  the  aaxiaujii  power  radiated  by  an 

antenna  is  essentially  deterained  by  the  breakdown  power  level 
aeasured  under  aablpolar  diffusion  conditions.  For  example, 
this  nay  be  accoaplisbed  in  the  CW  case  by  measuring  the  power, 
radiated  by  the  antenna  under  breakdown  condition  Just  prior  to 
extinction  of  the  glow  discharge,  over  the  collision  frequency 
rai^e  of  Interest.  1h is  test  auy  be  performed  without  the 
necessity  of  supplying  an  ambient  density  in  the  vicinity  of 
ths  antenna. 

(3)  then  one  is  interested  in  radiating  as  much  power  as  possible, 
there  la  little  or  no  advantage  in  reducing  the  incident  power 
delivered  to  the  antenna  so  long  as  the  ambient  electron  density 
in  the  vicinity  of  the  antenna  is  such  that  the  diffusion  is 
aablpolar. 
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RF  liREAKDOATN  IN  A  SPACE  ENVIRONMENT 

K,  F.  Vance  and  J.  E.  Nancvl<\« 

Staniurd  Research  Institute 
Menlo  Park,  California 

Under  high-vacuum  conditions,  such  as  those  that  exist  in  space, 
electron  mean-free -path  is  generally  large  compared  to  the  dimensions  of 
RP  equipment,  so  that  ordinary  gas  discharges  are  not  normally  a  problem. 
Under  such  conditions,  however,  multipactor  (or  electron  resonance) 
discharges  can  occur  on  RP  equipment.  RF  breakdown  voltage  for  parallel 
plates  is  illustrated  in  Pig.  1  for  pressures  ranging  from  a  few  hundred 
microns  Hg,  where  gas  processes  predominate,  to  a  fraction  of  a  micron 
Hg,  where  secondary  emission  processes  predominate. 

The  multipactor  discharge  is  dependent  upon  secondary  electrons 

produced  at  one  electrode  being  accelerated  across  the  electrohde  gap 

in  a  half  period  (or  an  odd  multiple  of  a  half  period)  of  the  RP  wave, 

whereupon  they  strike  the  electrode  and  produce  new  secoitdary  electrons 

to  be  accelerated  back  across  the  gap  during  the  next  half  period.^ 

Since  a  dc  field  in  the  electrode  gap  will  tend  to  upset  the  synchronism 

between  the  electron  transits  and  the  RP  field,  or  cause  most  of  the 

electrons  in  the  gap  to  be  collected  by  the  positive  electrode,  the 

application  of  a  dc  bias  may  be  considered  an  appropriate  means  of 

2 

preventing  multipactor  discharges.  As  the  theoretical  and  experimental 

* 
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ditj  oi  Fm.  2  indicate,  the  gap  can  bo  biased  until  the  discharge  falls 
CO  occur,  but  bias  voltages  of  the  order  of  the  upper  RF  breakdown 
voltage  are  required.  Further  tore,  below  cutoff  the  bias  voltage  serves 
merely  to  establish  a  new  one-sided  mtiltipactor  discharge  mode  at  the 
positive  electrode. 


■S 

-  ^ 

Ill  electrode  .structures  such  that  the  electric  field  is  non-uni  form,  | 

electron  motion  between  the  electrodes  tends  to  be  asynchronous.  However,  \ 

\ 

multipactor  di.scharges  occur  in  certain  non-uniform  field  structures 

i, 

lust  as  they  occur  under  the  asynchronous  condition  imposed  by  bias  on 
a  uniform  field  gap.  Thus  coaxial  cylinders  such  as  transmission  lines 
and  cavities  support  multipactor  discharges  over  a  wide  range  of  RF  and  ! 

bias  voltages,  as  illustrated  in  Fig.  3,  where  rms  breakdown  voltage  | 

I 

is  plotted  as  a  function  of  bias  voltage  for  several  center  conductor  jj 

diameter.?.  | 


Experir.ei have  also  been  conducted  with  electrically  small  discone 
antenna  configurations.  Figure  4  shows  contours  of  multipactor  disch.arge 
initiation  voi.age  (rms  volts)  at  57  Me  for  cone  angles  ranging  from  90° 
(top-loaded  monopole)  to  60°.  For  angles  less  than  60°,  the  discharge 
voltages  were  so  eratic  that  smooth  contours  could  not  be  obtained,  and 
for  cone  angles  less  than  30°  no  discharges  were  observed.  However,  when 
ambient  Ionization  was  introduced  by  producing  a  small  au.xilliary 
discharge  at  VHF  in  the  vacuum  chamber,  multipactor  discharges  occurred 
lor  all  cone  angles  of  15°  or  greater,  and  the  discone  discharge  continued 
even  after  the  VHF  discharge  was  stepped.  After  the  VHF  discharge  had 
been  extinguished,  the  discone  voltage  was  reduced  until  the  di.scone 


cilsc  harKt  bocame  vxt  in^ui shed .  The  rms  voltat^es  at  which  the  di-scone 
discharges  extinguish  are  shown  in  Fig.  5.  These  e'xtingulsh  voltages  nuy 
be  taken  as  an  indication  of  the  voltage  at  which  multipactor  discharge 
occurs  in  the  presence  of  ambient  ionization,  since  once  established,  the 
discharge  provides  its  own  ionization. 

Since  most  of  the  energy  the  electron  rains  from  the  RP  field  during 
Its  transit  across  the  electrode  gap  is  dissipated  when  it  strikes  the 
electrode,  the  power  absorbed  by  the  discharge  increases  with  the  RF 
frequency  of  the  discharge  (i.e.,  the  number  of  electron  impacts  per 
second).  Power  loss  to  the  multipactor  discharge  is  thus  most  severe 
at  the  higher  frequencies. 

It  is  concluded,  therefore,  that  the  possibility  of  multipactor 
discharge  should  be  considered  in  the  design  of  RP  transmisslpn  lines, 
cavities,  and  antennas  for  use  on  space  vehicles.  Particular  care  is 
required  for  vehicles  operating  in  ambient  ionization  such  as  exists  in 
the  earth’s  ionosphere. 
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FIG.  3  REGIONS  OF  MULTIPACTOR  DISCHARGE  IN  A  COAXIAL  GEOMETRY 


FIG.  4  REGIONS  OF  MULTIPACTOR  DISCHARGE  FOR  SMALL  DISCONE  ANTENNAS 
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Introduction 


A  class  of  low  profile  transmission  line  antennas^  has  been 
developed  for  compact,  portable  communications  systems  where  a 
low  silhouette  antenna  is  desirable.  The  spatial  patterns  of 
these  antennas  are  comparable  to  those  of  a  quarter  wavelength 
mbnopole  above  a  ground  plane  although  the  antenna  height  is 
reduced  by  a  factor  of  30.  Maximum  performance  of  these 
radiating  structures  has  been  obtained  by  the  application  ol 
integrated  antenna  techniques  in  their  design.  These  techniques 
avoid  the  losses  associated  with  a  transmission  line  and  coupling 
networks . normally  used  between  the  RF  source  and  the  antenna 
by  integrating  the  solid  state  amplifier  or  oscillator  directly 
into  the  antenna  structure.  This  technique  is  particularly 
desirable  for  radiators  with  low  radiation  resistance  such  as 
the  transmission  line  antennas  since  the  transmission  line  and 
coupling  network  losses  greatly  affect  the  transmission  efficiency. 
The  two  Integrated  devices  discussed  in  this  paper  are  a  trans¬ 
mission  line  antenna-transistor  amplifier,  or  antennafier,  and 
a  transmission  line  antenna-transistor  oscillator,  or  antenna- 
mitter. 

TECHNICAL  DISCUSSION 
Transmission  Line  Antenna 

The  integrated  low  profile  untenna  is  a  transmission  line 
antenna  excited  by  a  UHF  power  transistor  connected  to  the  antenna 
structure.  The  transmission  line  antenna  consists  of  a  quarter 
wavelength  of  wire  formed  into  a  Figure  8  and  mounted  parallel 
to  and  typically  2.5  electrical  degrees  above  a  small  ground 
plane.  Each  end  of  the  transmission  line  is  SF  shorted  to  the 
ground  plane.  This  quarter  wavelength  transmission  line  antenna 
is  tuned  to  half  wave  resonance  by  means  of  the  capacitive  reactance 
of  a  transmission  line  stub  connected  to  the  midpoint  of  the 
antenna  as  shown  in  Figure  1.  Tuning  is  accomplished  by  adjusting 
the  length  of  this  stub.  Impedance  matching  of  the  UHF  , ower 
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tranniator  ia  accoaplished  simply  by  moving  along  the  transmlssldn 

line  from  either  grounded  end  until  the  prf>per  Input  Impedance 

is  found.  The  impedance  everywhere  along  the  line  is  real  at  the 

half-wave  resonance  frequency  and  rises  rapidly  along  the  line 

when  moving  away  from  either  grounded  end.^,^  The  50  ohm  point, 

for  example,  is  approximately  2  degrees  (1/180)  away  from  the 

grounded  end. 

The  equivalent  circuit  of  the  antenna  Is  a  sharply  tuned 
parallel  resonant  circuit.  A  Q  of  100  Is  typical.  The  Q  can 
be  adjusted  by  varying  the  spacing  above  the  grounded  plane, 
the  radiation  resistance  referred  to  the  maximum  current  point 
along  the  antenna  is  proportional  to  the  square  of  distance  above 
the  ground  plane. As  the  radiation  resistance  Increases  the 
Q  decreases.  This  high  Q  provides  an  advantage  in  that  the 
antenna  can  serve  as  a  tank  circuit  thus  lending  itself  readily 
to  integrated  antenna  techniques. 

The  Figure  8  transmission  line  antenna  efficiency  is  about  1 
to  2  db  less  than  a  quarter  wave  monopole  mounted  above  the 
same  size  ground  plane  and  spatial  patterns  are  very  similar. 

Antennamitter 

In  a  300  nc  oscillator-antenna  circuit,  or  antennamitter,  the 
antenna  beepmes  the  oscillator  tank  circuit  and  feedback  is 
achieved  by  coupling  power  from  the  antennamitter  output  into 
the  emitter  of  the  UHF  power  transistor  in  the  common  emitter 
circuit.  This  is  accomplished  by  means  of  a  variable  capacitor 
from  collector  to  emitter.  The  circuit  is  shown  in  Figure  2. 
Feedbiick  i?  adjusted  for  maxlnnim  radiated  power  output.  The  tran¬ 
sistor  is  mounted  directly  on  the  ground  plane.  This  provides 
both  a  good  heat  sink  and  direct  connections  to  the  antenna  and 
ground  points . 

Antennaf ier 

For  a  300  me  RF  amplifier-antenna  circuit  or  antennaf  ier,  the 
antenna  serves  as  the  output  tank  circuit.  The  input  power  to  be 
amplified  and  radiated  is  matched  to  the  base  circuit  of  the  UHF 
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power  transistor  by  means  of  a  n  network.  This  is  shown  in 
Figure  3.  In  contrast  to  the  antennamitt<‘r ,  feedback  from  the 
radiated  output  power  to  the  Input  circuitry  must  be  prevented. 
This  is  readily  accomplished  with  the  Figure  8  antenna  design 
by  mounting  the  n  network  input  circuit  on  the  opposite  side 
of  the  ground  plane  from  the  antenna.  In  a  practical  portable 
cornmupications  system  application  the  antennafier  would  be  the 
RF  output  section  to  be  driven  by  a  crystal  controlled  RF  source. 
This  could  be  a  relatively  low  powered  source  since  the  antenna^ 
mitter  provides  gain. 

Measurements  and  Observations 

A  radiated  power  of  1^  watts  at  300  me  has  been  measured  from 
the  antennamitter .  The  over-all  efficiency,  that  is,  the  ratio 
of  radiated  power  to  prime  power  input,  exceeded  50  percent.  The 
spatial  radiation  pattern  is  comparable  to  that  of  a  quarter 
wavelength  monopole  over  an  equivalent  size  ground  plan  and 
variations  in  the  pattern  in  the  azimuth  plane  were  less  than  t  1 
db.  Somewhat  less  radiated  power  has  been  observed  from  the 
antennafier,  however  this  was  the  result  of  insufficient  available 
drive  power  rather  than  a  basic  limitation  of  the  device.  In¬ 
tegration  of  the  transistor  amplifier  into  the  transmission  line 
antenna  resulted  in  6  to  8  db  more  radiated  power  than  from  the 
equivalent  non-integrated  antenna.  The  power  input  to  both 
devices  was  the  same.  The  available  radiated  [>ower  for  both 
devices  is  limited  only  by  the  state  of  the  art  of  transistor 
design.  Both  devices  demonstrated  a  high  tolerance  to  perturba¬ 
tions  in  the  immediate  environment.  Various  objects,  including 
half  and  quarter  wavelength  rods,  were  brought  within  one  inch 
of  the  integrated  antennas  and  no  appreciable  detuning  was  ob¬ 
served. 

Conclusions 

The  low  profile  transmission  line  antenna  when  integrated  with 
a  solid  state  RF  power  source  provides  a  compact,  efficient,  low 
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<Minl~dlr«ctlQfMI(  rudlatlnf  d«yic«.  Thia  tachnlqua 
baa  baan  daaonatratad  at  300  ac  and  can  be  axtandad  to  highar 
fraquanclaa  and  highar  poaar  lavala  aa  battar  high  fraquancx 
tranalatora  bacoaa  aaailabla. 


Xntagratad  antanna  tachniquaa  allow  the  aaxlaun  afficiency  to 
ba  raalixad  froa  high  Q,  low  radiation  raaiatanca  antennaa  auch 
aa  tba  tranaaiaaion  line  antenna  diacuaaed  above.  The  ratio  of 
radiation  reaiatance  to  ohaic  reaiatance  ia  optiaized  by  in¬ 
tegrating  the  KF  aource  directly  into  the  radiating  structure 
thua  avoiding  tranaaiaaion  line  and  coupling  network  lossea. 


^Kingi  Bonald,  Harriaon,  C.W.  Jr.,  and  Denton,  O.H.  Jr.  "Trans- 
aiaaion-Line  Missile  Antennas,"  IRl  Transactions  on  Antennas 
and  Propagation,  pf  88-90,  January,  i960. 

*Starer, Jaaea  I.  and  King,  Ronald,  "Radiation  Resistance  of  a 
Two  lire  Line",  Proceedings  of  the  IRK,  pp  1408-1412,  Moveaber, 
1963. 

*King,  R.W.P,  "Tranaaiss Ion-Line  Theory,"  McGraw-Hill  Ek>ok  Co.,  ^ 
Inc.,  Mew  York,  M.T. ,  1955.  ^ 

^ftirton,  Robert  W.  and  King,  Ronald  W. ,  "Theoretical  Considerations^ 
and  Ixperiaental  Results  for  the  Hula-Hoop  Antenna,"  The  Micro- 
wave  Journal.  DP  89,90,  Noveaber,  1963. 


TUNING  STUB 


Figure  3.  300  Me  Antennafier 


A  HIGH  temperature  C~BAND 

annular  slot  antesha 


By 

Charles  R.  Bitter 
Jack  W.  Pool, 
^illlai,  S.  Porteous 


•aoi  CAST 


MGT0990LA  I  iVO. 

MUtfmry  tim^tronhiu  DMmlwt 

WESTCRn  center 

MtooweLt  f»OAO  scoTTSDAie  t,n,zoNM 


INTRODUCTION 


The  Advent  of  the  high  perforaance  supersonic  aircraft  having 
alrfraae  skin  tesperatures  In  excess  of  650  degrees  Fahrenheit' 
for  long  durations  has  blrought  about  requirements  for  rugged  heat 
resistant  antenna  structures. 

This  paper  describes  the  development  of  one  such  cavity  backed 
annular  slot  antenna  designed  to  efficiently  and  reliably  operate 
with  a  C-band  beacon  transponder.  Several  units  have  been  built 
for  use  by  the  Air  Force  Flight  Test  Center,  Edwards  Air  Force 
Base,  California. 

The  pattern  requirements  for  the  delivered  antennas  are  that 
they  be  similar  to  that  of  a  vertical  monopole  over  a  ground 
plane  as  Installed  on  the  belly  of  a  large  airframe.  In  order 
to  operate  with  the  matching  transponder  a  maximum  VSWR  of  1.5:1, 
over  a  ten  per  cent  bandwidth  Is  required.  A  50  ohm  coaxial 
transmission  line  Is  used.  Installation  Is  to  be  flush  with  the 
airframe  mold  line. 
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IUCTRICAL  DISIOI  CONSIDERATIONS 


It  haa  b«en  shown  for  an  annular  slot  antenna, in  an  Infinite 
ground  plana, having  ah  outer  diaaeter  of  3b  and  an  inner  dia- 
■etar  of  2a  that  if 

0  a  <2,  where  0  - 

the  resulting  radiation  pattern  will  be  very  similar  to  that  of 
a  short  aonopola  fed  over  a  ground  screen.^  Further,  by  adjust- 
ing  the  ratio  of  the  slot  outer  diameter  to  the  slot  inner  dla- 
aatar,  the  antenna  may  be  designed  to  have  a  low  VSWR  over  nominal 
bandwldths. 

Noting  these  two  effects  a  cavity  backed,  annular  slot  antenna 
was  designed  utilizing  a  conic  tapered  center  conductor  to  match 
the  antenna  aperture  to  the  transmission  line.  As  a  first  step 
in  arriving  at  a  final  design  a  0a  of  0.6  and  an  outside  diameter 
to  Inside  diameter  ratio  of  5:1  were  chosen  as  parameters  for 
the  slot  aperture.  An  air  dielectric  cavity  of  depth  ^  was  then 
constructed.  This  gave  an  initial  breadboard  antenna  which  had 
a  measured  VSNR  of  less  than  1.6:1  across  an  eleven  per  cent 
frequency  bandwidth  at  C-band.  No  auxiliary  impedance  matching 
was  necessary. 

Since  the  annular  slot  antenna  is  required  to  operate  on  high 
performance,  supersonic  aircraft  in  high  heat  thermal  environments 
it  was  then  necessary  to  fill  the  cavity  void  with  a  high  tempera¬ 
ture  resistant,  low  loss  dielectric  material.  This  required  the 
free  space  air  dielectric  breadboard  version  of  the  antenna  to 
be  scaled  proportional  to  the  dielectric  constant  of  the  material. 
The  dielectric  constant,  e,  of  the  selected  material  was  7.0. 
However  measured  data  taken  using  a  scaled  version  of  the  initial 


^Jasik,  H. ,  Antenna  Engineers  Handbook,  Chapter  8,  pp  8-1  through 
8-18,  McGraw-Hill  Book  Company,  J nc .  1961. 
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air  dielectric  breadboard' model  with  a  scale  factor  of  -^=- 

/€ 

indicated  that,  for  this  particular  design  application  there 

existed  an  effective  dielectric  constant,  e  c  ..  was 

eii.  eii 

computed  using  measured  impedance  versus  frequency  data  to 
be  about  2.1.  Then  using  the  corrected  scale  factor  of 

y  ^  the  final  prototype  antenna  dimensions  were  computed 
''Sff 

aiid  a  model  fabricated.  The  measured  VSWR  of  this  model  was 
less  than  6:1  over  an  eleven  per  cent  bandwidth<.at  C-band. 

Using  a  quarter  wavelength  transformer  properly  placed  at  the 
terminals  of  the  antenna,  the  final  dielectric  filled  annular 
slot  antenna  was  matched  to  a  50  ohm  line  with  a  VSWR  of  less 
than  1.5:1  over  a  ten  per  cent  bandwidth  at  C-band. 

The  measured  radiation  patterns  of  the  final  model  mounted 
on  a  9  X  9  wavelength  ground  plane  are  shown  in  Figure  1  and 
Figure  2.  Figure  1  shows  the  azimuth  pattern  to  be  omnidirec¬ 
tional  and  have  a  ±  0.5  db  maximum  ripple.  Figure  2  shows  the 
elevation  pattern  to  be  similar  to  that  of  a  vertical  stub  over 
a  ground  plane.  The  elevation  half-power  beamwldth  is  53  degrees 
and  the  measured  gain  is  about  3.0  db  above  an  isotropic  refer¬ 
ence. 
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MECHANICAL  IMESCRIPTION 


Figure  3  is  «  photograph  of  the  C-band  high  temperature 
annular  slot  antenna,  and  Figure  4  is  a  cross  section  of  the 
antenna  showing  the  basic  construction  features. 

The  antenna  disensions  are  as  follows:  The  ratio  of  outer 
diaaeter  to  inner  diameter  of  the  slot  at  the  surface  of  the 
antcinna  is  6.5:1,  and  the  inner  conductor  diameter  at  that 
point  is  0.284  inches.  The  over-all  diameter  of  the  antenna, 
including  the  iK^unting  flange  is  3.5  inches,  while  the  over-all 
mounting  depth  is  1.71  Inches.  Figure  5  shows  a  component 
parts  layout  of  the  assembly.  . 

Four  main  parts  constitute  this  assembly:  (1)  the  cylin¬ 
drical  ca'^lty,  (2)  the  cavity  dielectric  filler,  (3)  the  conic 
center  conductor,  and  (4)  the  connector- impedance  matching 
section.  All  metal  parts  are  made  of  stainless  steel.  Fab¬ 
rication  and  assembly  is  accomplished  without  the  use  of 
soldered  or  brazed  Joints.  The  center  conductor  is  assembled 
by  threading  and  tapping  several  of  the  stainless  steel  sections. 
This  allows  easy  assembly  with  the  dielectric  filler. 

A  high  temperature  epoxide  based  adhesive  provides  a  moisture 
seal  between  the  impervious  dielectric  filler,  cavity,  and  cen¬ 
ter  conductor.  The  adhesive  bond  also  adds  structural  integrity 
to  the  center  conductor  assembly.  In  addition  a  retainer  ring 
provides  a  positive  mechanical  attachment  of  the  filler  to  the 
cavity.  The  entire  antenna  assembly  mounts  from  the  inside  of 
the  airframe  such  that  the  slot  aperture  is  flush  with  the  skin 
mold  line.  A  high  temperature  asbestos  gasket  is  used  between 
the  antenna  flange  and  the  airlrame  mounting  surface  to  provide 
a  positive  moisture  barrier  at  the  airframe  skin. 

Materials  Consideration: 

In  order  to  sustain  temperatures  in  excess  of  650  degrees 
Fahrenheit  for  extended  time  periods  the  structural  materials 


for  the  annular  slot  antenna  had  to  be  selected  carefully. 
Particular  attention  was  given  to  the  electrical  properties 
of  the  dielectric  Materials,  and  to  the  asseably  techniques 
of  the  conducting  elesents.  Obviously,  conventional  antenna 
Materials  such  as  aluMinuM,  soft  or  hard  solder,  and  phenolic 
plastics  are  not  able  to  survive  long-tena  exposures  to  tes- 
peratures  in  excess  of  650  degrees  Fahrenheit.  Because  of  its 
excellent  durability,  availability,  and  coefficient  of  theraial 
expansion  stainless  steel,  AISI  No.  303,  was  selected  as  the 
Material  fros. which  to  fabricate  the  Metallic  structural  parts. 
Stainless  steel's  ccnapatlbility  with  the  titaniuM  Mounting  sur¬ 
faces  in  a  high  tesperature  airfrase  is  excellent,  since  the 
coefficients  of  thersal  expansion  Match  sore  closely  than  with 
those  of  the  aluMinuM  alloys.  Table  I  suMsarizes  the  coeffi¬ 
cients  of  thenaal  expansion  of  these  materials. 

TABLE  I 

Coefficients  of  Thermal  Expansion 
Metallic  Materials 


AlualnuM 

2024  alloy 

12.9  (10)"®/°: 

6061  alloy 

13.0  (10)"®/°; 

Stainless  Steel 

AISI  303 

5.3  (10)"®/°r 

AISI  304 

5.3  (10)"®/°? 

AISI  416 

3.2  (10)"®/°F 

Titanium 

4.7  (10)"®/°F 

For  the  established  antenna  design  the  selection  of  a  good 
cavity  dielectric  filler  material  involves  giving  consideration 
not  only  to  the  electrical  properties,  such  as  dielectric  con¬ 
stant  and  loss  tangent,  but  also  the  the  thermal  and  mechanical 
properties  of  the  material.  Major  thermal  characteristics  are 
maximum  temperature  endurance  and  thermal  expansion  coefficient 
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strength,  erosion  resistance,  porosity,  and  handling  character¬ 
istics  of  the  Material  are  the  major  mechanical  properties. 

Based  on  past  experience  it  was  decided  that  ceramic  compounds 
offer  the  best  overall  characteristics  in  the  thermal  environment 
to  be  encountered.  Ceramic  compounds  can  be  made  impervious  to 
moisture,  have  reasonable  electrical  parameters,  and  may,  in  some 
cases,  be  machined. 

Several  ceramic  materials  were  investigated,  and  based  on  the 
pertinent  mechanical  and  electrical  requirements  an  impervious, 
very  hard,  but  precision  machinable  ceramoplastic  was  selected 
as  the  cavity  filler.  This  material  is  the  Mycalex  Corporation’s 
Supramica  500.  The  electrical  properties  of  this  material  are 
adequate  to  allow  reasonable  antenna  efficiencies.  The  dielectric 
constant  is  about  7.0  and  the  loss  tangent  is  near  0!.001.  The 
physical  and  thermal  properties  of  this  material  make  it  very 
suitable  for  use  in  the  established  antenna  design.  It  has  a 
Rockwell  M  hardness  of  115  thus  offering  a  high  resistance  to 
erosion  and  impact  shock.  The  material  has  a  maximum  temperature 
endurance  of  over  700  degrees  Fahrenheit  and  a  coefficient  of 
thermal  expansion  near  that  of  stainless  steel. 

To  adequately  support  the  center  conductor  at  the  input 
connector  terminal  a  low  loss,  low  dielectric  constant,  ceramic 
foam  was  chosen  having  a  coefficient  of  expansion  matching  the 
other  materials  used  for  the  antenna.  Bnerson  and  Cuming  Inc., 
Sccofoam  LM-43A  was  the  material  selected.  It  is  a  porous 
ceramic.  However,  moisture  is  prevented  from  coming  in  contact 
with  the  Eccofoam  by  the  Supramica  dielectric  material  and  the 
epoxy  adhesive  bond  on  one  side  and  the  environment  proof  mating 
connector  on  the  other.  This  Eccofoam  material  is  available  in 
several  values  of  dielectric  constant.  A  value  of  2.0  for  the 
dielectric  constant  was  chosen  since  this  was  compatible  with 
conventional  low  temperature  coaxial  cable  dielectrics.  The 
companion  dissipation  factor  is  about  0.006.  Table  II  indicates 
the  coefficients  of  thermal  expansion  for  the  dielectric  materials 
selected. 
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TABLE  II 

Coefficients  of  Thermal  Expansion 
Dielectric  Materials 

Supramica  500  6.2  X  10“®/°P 

(Mycalex  Corp.  of  America) 

(Clifton,  N.  J.) 

Eccofoam  Ho.  LM  43A  4.0  X  10“®/®F 

(Baerson  4  Cuming,  Inc.) 

(Canton,  Mass.) 

When  Table  II  is  compared  with  Table  I  it  may  be  seen  that  the 
coefficients  of  thermal  expansion  closely  match  for  all  the  mater 
ials  selected.  The  temperature  resistance  and  compatibility 
of  these  materials  was  born  out  by  repeated  heat  cycling  of  the 
antenna  assembly  from  -55  degrees  Fahrenheit  to  over  650  degrees 
Fahrenheit.  These  temperature  limits  were  maintained  for  ex¬ 
tended  periods  of  time,  up  to  fifteen  hours  in  some  cases,  and 
then  rapidly  changed  to  the  other  extreme  such  as  to  reach  that 
extreme  in  a  very  short  time.  No  degradation  of  electrical  per¬ 
formance  or  mechanical  integrity,  especially  moisture  resistance, 
was  noted«  A  slight  discoloration  of  the  stainless  steel 
occurred  but  otherwise  there  were  no  visible  effects  to  the 
antenna.  The  mechanical  integrity  of  the  assembly  was  further 
substantiated  by  repeated. Impact  shocks  of  65  g's  for  6  milli¬ 
seconds  in  all  major  planes.  In  addition  successive  vibration 
teats  of  from  5  cycles  at  0.2  inch  displacement  to  over  2000 
cycles  at  15  g's  yielded  results  that  showed  no  mechanical 
damage  or  electrical  performance  degradation. 
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OOlfCLUSIOII 


Th«  antenna  design  described  above  yielded  a  cospact,  rugged, 
hlgh-tesperature  resistant  radiator  capable  of  flush  sountihg  on 
a  flat  surface.  Conyilete  filling  of  the  antenna  cavity  void  and 
the  use  of  stainless  steel  fabrication  without  solder  type  con¬ 
nections  persit  long  term  operation  of  the  antenna  when  the  de¬ 
vice  is  cospletely  issersed  in  a  high-temperature,  erosion  caus¬ 
ing,  environment . 

Mo  appreciable  design  effort  would  be  required  to  provide  a 
flush  mounted  assembly  in  coiq>ound  radius  surfaces.  The  design 
techniques  employed  may  be  applied  to  many  related  antenna  tsrpes 
and  by  appropriate  scaling  of  dimensions  and  dielectric  properti< 
may  be  extended  to  other  design  frequencies. 
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THE  USE  OF  STRIP-TRANSMISSION  LINE  TECHNIQUES  AT  X-BAND 


By;  W.  Bryant.  D.  Canady,  and  G.  Monser 

1 . 0  Introduction 


Results  are  given  on  an  Air  Force  R/D  program  sponsored 
by  WADC  which  is  directed  toward  the  development  of  a  broadband 
Butler  matrix  and  array.  An  earlier  paper  by  Mehrdn^  has  considered 
Butler  matrices  from  a  tutorial  viewpoint.  Here,  we  consider  some 
of  the  design  problems  for  providing  matrices  and  arrays  at  X-band. 

Early  in  the  program  we  realized  that  before  a  suitable 
matrix  could  be  made,  it  would  be  necessary  to  do  some  component 
design.  In  particular,  we  had  to  develop  broadband  phase  shifters, 
couplers,  and  the  associated  feed-throughs  and  connectors  for  use 
in  the  matrix.  Data  on  these  matrix  components  is  reported.  Con¬ 
current  with  the  matrix  effort,  we  have  developed  an  array  which 
would  be  serviced  by  this  matrix.  The  array  consists  of  8  spiral 
radiators  arranged  in  a  linear  array.  Here  again,  effort  was  first 
directed  in  the  individual  element  design.  Data  on  the  individual 
spirals  used  in  the  array  is  given.  Also,  available  data  on  the  array, 
which  was  undergoing  evaluation  at  the  time  this  paper  was  prepared, 
is  included, 

Z.  0 _ Factual  Data 

The  two  components  which  were  to  be  designed  were  a 
broadband  matrix  to  be  operated  from  7  to  1 1  Gc/s  and  a  broadband 
eight  element  linear  array  to  be  serviced  by  this  matrix. 

2.  1 _ Matrix  Design 

Before  designing  and  building  a  broadband  matrix  for 
servicing  the  8  element  array,  a  4  element  narrow  band  matrix  was 


considered.  Two  different  designs  for  this  unit  were  built  and  tested. 
Figure  1  shows  the  center  conductor  layout  for  one  of  these  designs. 
The  basic  components  used  in  this  narrow  band  matrix  consisted  of 
a  high  inipedance  Shimizu*'coupler  and  a  newly  designed  right  angle 
transition  from  strip  transmission  line  to  type  N  coax.  The  required 
phase  shifters  were  accomplished  by  means  of  differential  line  lengths 
in  the  matrix  layout. 

The  average  measured  data  from  7  to  11  Go/s  obtained 
from  the  matrix  shown  in  Figure  1  is  given  below: 

Mismatch:  1.  38: 1  all  ports 

Coupling  from  beami  ports  to  antenna  ports:  6.  7  db 

Isolation:  21.  9  db  (lowest  value  14.  0  db) 

RMS  phase  error:  @9.0  Gc/s  (typical  2  beams)  3° 

Since  the  ideal  or  no  loss  coupling  from  beam  to  antenna  port  is  6  db, 
the  insertion  loss  of  this  matrix  is  0.  7  db.  This  loss  is  chiefly  due 
to  the  copper  and  dielectric  losses,  variations  in  the  outputs  of  the 
3  db  couplers,  and  mismatch  losses. 

Next,  a  layout  of  a  narrow  band  eight  element  Butler 
matrix  as  shown  in  Figure  2  was  made.  The  same  basic  components 
were  used  in  this  matrix  as  before.  All  interconnecting  line  lengths 
were  accomplished  in  the  same  high  impedance  line  as  used  in  the 
coupled  region  of  the  3  db  directional  coupler.  Differential  phase 
shifts  were  accomplished  by  means  of  varying  line  lengths.  All 
beam  and  antenna  ports  utilized  bO  ohm  right  angle  connectore  -  thus 
requiring  the  tapered  line  length  at  each  port. 

Complete  measured  data  was  not  available  at  this  writing. 
However,  the  data  available  shows  the  amplitude  distribution  from 
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beam  ports  to  antenna  ports  to  average  10.  5  db  over  the  7.  0  to  11.0 
Gc/s  frequency  band,  with  the  highest  readings  at  the  high  end  of 
the  frequency  band.  Average  isolation  data  was  greater  than  20  db 
over  the  band. 

In  connection  with  the  above  development  efforts,  it  wa^ 
first  necessary  to  seek  adequate  matrix  component  design.  The  prin¬ 
cipal  elements  under  consideration  are  the  directional  couplers  and 
phase  shifters.  However,  connectors  and  feed-throughs  are  of  nearly 
equal  importance  if  an  adequa.te  design  is  to  be  provided. 

In  developing  a  3  db  directional  coupler,  many  different 
techniques  were  investigated.  These  included  the  following  designs: 
hybrid  ring  (rat  race),  broadband  hybrid  ring,  asymmetrical  3  db 
coupler,  and  a  Shimizu  3  db  directional  coupler  .  The  major  dis¬ 
advantage  for  these  designs  was  the  low  isolation.  The  final  design 
which,  we  felt,  gave  near  optimum  results  was  a  high  impedance 
whimizu  coupler  where  the  coupled  region  was  designed  for  a  higher 
than  nominal  (50  ohms)  impedance.  Typical  specifications  were: 
average  VSWR  1.  35:1,  average  isolation  20  db,  coupling  3.  4  ±  .6  db. 

It  is  felt  that  the  higher  impedance  coupler  performed  better  because 
of  the  smaller  electrical  length  of  the  miters  and  corners  in  the  coupler 
region. 

In  the  development  of  the  broadband  phase  shifters,  a  type 
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A,  Schiffman  phase  shifter  was  adapted  to  fit  our  needs.  Table  I 
(below)  gives  average  performance  data  across  the  7  to  11  Gc/s  band. 
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TABLE  I 


Design 

Value 

Measured 

Phase  Shift 

Deviation 
from  Average 

VSWR 

22.  5® 

23® 

+  4®  -3® 

1.25:1 

45.0® 

45® 

+  5®  .7® 

1.  25:1 

67.5® 

o 

o 

+6®  -4® 

1.25:1 

B«fore  any  strip  transmission  line  components  could  be 
designed  for  X-band  operation,  well  matched  transitions  had  to  be 
developed.  We  achieved  a  mismatch  of  less  than  1.  30:1  over  the 
7  to  11  Gc/s  band  for  a  pair  of  in-line  type  N  connectors,  which  were 
connected  in  line  with  the  center  conductor  of  a  short  section  of  strip 
transmission  line.  Rij^t  angle  connectors  were  also  developed  with 
a  mismatch  of  less  than  1.  30  over  most  of  the  same  frequency  band. 

In  addition  to  the  above  development  problems,  dielectric 
and  copper  losses  cause  the  insertion  loss  of  strip  transmission  line 
circuits  to  increase  with  increasing  frequency.  At  X>band  the  type 
of  material  being  used  in  this  program  had  an  attenuation  of  about 
0.  4  <fi>  per  foot  measured  at  9  Gc.  One  means  for  decreasing  the 
dielectric  loss  is  to  increase  the  ground  plane  spacing.  This  reduction 
can  be  effected  up  to  about  10  Gc.  Above  10  Gc  a  cut-off  wavelength 
may  occur  and  a  waveguide  or  non  TEM  mode  of  transmission  may 
be  energised.  Other  limitations  caused  by  the  increase  in  frequency 
are  transitions  from  strip  transmission  line  to  either  coaxial  or 
waveguide;  tighter  tolerances;  effects  caused  by  bends  and  mitered 
corners;  generation  of  parallel  plate  mode  caused  by  slight  air  spacing 
in  the  circuit  boards. 

2.  2  Array 

The  design  of  the  array  shown  in  the  photograph  (Figure  3) 
was  predicated  on  the  success  obtained  with  an  S-band  array  of  similar 
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deaign.  The  S-band  model  had  undergone  considerable  development 
and  a  near-optimum  design,  we  felt,  had  been  provided.  With  this  in 
mind  and  in  the  interests  of  economy  and  time,  we  chose  to  scale  this 
model. 

The  development  effort  consisted  of  designing  and  evaluating 
a  suitable  balun  to  feed  the  array  elements,  construction  and  evaluation 
of  the  array  elements,  and  a  final  evaluation  of  the  array  configuration. 
Data  given  in  this  paper  is  chiefly  on  the  array  elements.  At  the  time 
this  paper  was  prepared  the  array  configuration  had  not  been  fully 
eval\iated. 

Figures  4  through  8  give  measured  data  on  a  single 
element  in  the  array.  In  Figure  4,  the  average  VSWR  for  the  ele-. 
ments  is  plotted.  The  characteristic  for  the  individual  elements  was 
similar  to  the  displayed  curve.  The  VSWR  increased  at  7  Gc  and  de¬ 
creased  at  1 1  Gc  when  put  into  the  array  environment  when  compared 
to  a  single  isolated  element. 

Figure  5  shows  the  measured  isolation  at  7  Gc  between 
the  end  element  and  successive  elements  of  the  array  using  an  in¬ 
sertion  loss  technique  for  measuring  the  isolation.  From  this  plot, 
it  might  be  concluded  that  no  dividing  walls  are  necessary  between 
the  elements  within  the  cavity  structure.  However,  as  will  be  shown 
later,  there  is  some  justification  for  using  dividing  walls. 

Figure  6  shows  the  average  measured  axial  ratio  for  the 
spiral  elements  as  a  function  of  frequency.  From  this  plot  it  is  seen 
that  an  acceptable  ellipticity  was  obtained. 

Figure  7  illustrates  the  average  measured  gain  for  the 

units  as  a  function  of  frequency.  In  this  figure  directivity  using  the 
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beam  area  method  is  sketched  and  the  return  loss  due  to  VSWR  is 
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indicated.  Reaeonably  good  agreement  between  computed  directivity 
and  the  measured  value  is  noted.  The  difference  is  believed  due  to 
radiation  inefficiencies. 

Figure  8  shows  typical  element  patterns  across  the  band 
for  vertical  and  horizontal  polarized  radiation.  From  this  data  it 
is  seen  that  beam  shape  remains  well  defined  across  the  band  and  that 
minor  lobe  response  is  below  10  db. 

We  now  return  to  a  further  discussion  of  isolation  between 
elements.  As  noted  earlier,  isolation  data  obtained  using  an  insertion 
loss  technique  warranted  a  tentative  conclusion  that  no  dividers  would 
be  required  to  separate  the  element  cavities.  To  assure  this  con> 
elusion  was  valid,  the  test  series  shown  in  Figure  9  was  performed. 

In  this  figure  we  see  compared  the  radiation  from  a  signle  test  dipole 
mounted  in  the  cavity  and  the  same  test  dipole  set-off  with  dividers 
in  the  cavity.  The  effect  upon  the  radiation  pattern  appeared  sig¬ 
nificant.  For  comparison  purposes  free  space  and  cavity-mounted 
spiral  element  response  it’  also  included.  Based  upon  these  tests  we 
included  dividing  walls  within  the  cavity  between  radiating  elements. 

3.  0  Concluding  Remarks 

The  purpose  of  this  paper  has  been  to  provide  information 
on  the  use  of  strip-transmission  line  techniques  at  X-band.  The  de¬ 
velopment  effort  was  chiefly  concerned  with  providing  a  broadband 
eight  element  matrix  for  servicing  an  eight  element  linear  array  of 
spiral  radiators.  The  components  required  for  the  development  of 
the  broadband  sight  element  matrix  have  been  designed  and  evaluated 
with  proven  feasibility.  Prototype  matrices  have  been  evaluated 
using  these  components. 
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Oata  haa  been  presented  on  the  individual  spiral  elements 
to  be  used  in  the  eight  element  array.  Limited  isolation  measure¬ 
ments  for  the  spirals  in  the  array  have  been  given. 

Strip-transmission  line  techniques  can  be  successfully 
applied  to  the  design  of  broadband  matrix  and  array  configurations 
at  X-band. 
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I.  INTRODUCTION 


In  designing  delay  lines  with  conventional  waveguides  or  coaxial  lines  at 
low  frequencies  (UHF).  the  problem  of  weight  and  size  assumes  increas¬ 
ing  importance.  Low  frequency  waveguide  or  r'gid  coaxial  line,  when 
u8--d  in  the  form  of  delay  lines,  is  excessively  bulky  and  massive.  How¬ 
ever,  these  problems  of  weight  and  size  may  be  surmounted  by  using  a 
helical  conductor  enclosed  in  a  cylindrical  shield.  This  type  of  feed  line 
looks  somewhat  like  an  enlarged  coaxial  line  with  its  center  conductor 
formed  into  a  helix.  The  light  weight  and  compact  features  of  the  helical 
line  offer  great  advantages  when  compared  with  the  bulky  waveguide  con¬ 
figuration.  In  a  VHF  application  investigation  shows  the  helical  line  al¬ 
lows  a  weight  saving  of  20;  1  over  a  conventional  coaxial  delay  line. 

This  report  will  be  concerned  primarily  with  the  development  and  test 
results  of  a  lightweight,  frequency-scanning,  helical  delay  line.  Pre¬ 
liminary  efforts  were  directed  toward  investigating  the  feasibility  cf  fab¬ 
ricating  a  practical  frequency-scanning  delay  line  in  the  form  of  a  shielded 
helix.  Having  verified  from  experimental  results  lliat  the  shielded  helical 
delay  line  is  entirely  practical  from  the  standpoint  of  single  mods  opera¬ 
tion  and  low  loss  at  L-band  frequencies,  transition  components  associated 
with  the  helical  line  were  developed.  These  components  include  wave- 
guide-to-helical-line  transition,  helix  load,  power  distribution  couplers, 
s’c.  Finally,  a  linear  array  antenna  was  constructed  with  the  objective 
of  determining  the  frequency  scanning  capability  of  the  helical  teed  line. 

Throughout  the  course  of  the  helical  delay  line  program,  Reference  3  has 
guided  our  experiments.  The  theoretical  aspects  oi  the  helical  line  are 
treated  in  detail  in  references  Z,  i,  it  4,  and  will  not  be  repeated  in  this 
report. 

U.  DESIGN  CONSIDERATIONS  OF  THE 
HELIX  PROPERTIES 

In  the  design  of  helix  frequency  ^earning  delay  line,  it  is  necessary  to 
consider  the  behavior  of  the  following  helix  characteristics: 

•  Prooagation  constant  (h) 

•  Heii-x  impedance  (Z) 

s  Attenuation  constant  (n  ) 
m  Peak,  power  handling  capacity  (Pj,)- 


To  coridiict  He  inveatigfttion  moat  efflciantly,  it  ia  daairable  to  predict  and 
optimize  the  behavior  of  theae  propertiaa  in  advance. 


PROPAGATION  CHARACTERISTICS 

The  sheath  helix  anat/afa  ahowa  many  of  the  prnpertiea  of  the  propaga* 
tion  characteriatic  of  an  actual  helix,  i  The  aheath  model  atructure  con- 
aiata  of  a  cylindrical  conducting  surface  and  of  a  current  whose  direction 
is  taken  at  a  helical  angle,  from  the  transverse  plane.  The  propaga* 
tion  characteristic  of  a  aheath  helix  ia  shown  in  Figure  1.  The  slow 
wave  phenomenon  is  noted  from  the  curve,  as  u  «e,  v/c-»  sin  i|i  where 
V  IS  velocity  of  the  wave  in  the  axial  direction. 

Despite  the  fact  that  the  acalyaia  of  the  sheath  model  exhibits  many  prop> 
ertiea  of  an  actual  helix,  it  ia  not  complete  in  describing  the  propagation 
constant,  especially,  at  high  frequencies.  An  extensive  analysis  con> 
ducted  by  S.  Sensiper  for  the  open  tape  helix  introduced  the  strong  influ¬ 
ence  of  the  periodic  nature  in. a  helix.  ^  Figure  2  is  a  sketch  of  an  open 
tape  helix.  Analysis  of  the  tape  helix  shows  that  the  periodicity  becomes 
evident  when  the  wavelength  of  the  operating  frequency  is  equal  to  the 
length  of  a  helix  turn.  Furthermore,  because  of  the  periodic  nature  of 
the  structure,  the  solution  of  the  open  tape  helix  requires  an  infinite  set 
of  space  harmonics  to  satisfy  the  boundary  conditions. 

Theoretical  investigation  of  the  open  tape  helix  was  extended  to  the  case 
of  a  sK'elded  belia  by  L.  Stark^  and  later  by  C.  M.  Chu^,  who  introduced 
tibe  effects  of  discrete  wire  conductor  in  a  helix. 

The  propagation  characteristic  of  an  open  helix  is  shown  in  Figure  3 
(after  Sensiper)  where: 

k  *  ^  s  free  space  propagation  constant. 

h  s  axial  propagation  constant. 

P  s  helix  pitch. 

4,  «  helix  pitch  angle. 

a  3  mean  radius  of  &e  helix. 

Reference  2  shows  that  there  are  certain  values  of  propagation  constant 
which  are  not  permitted  for  normal  slow  wave  operation.  These  values 
fall  in  the  excluded  regions  of  propagation  shown  in  Figure  3.  In  the  ex¬ 
cluded  regions,  the  velocities  of  the  space  harmonics  travelling  in  the 
axial  direction  are  greater  than  the  speed  of  light,  1.  e.  ,  |  nm  |  <  |k  |  for 
some  space  harmonic.  The  result,  an  inefficient  tranemission  line, 
is  an  abnormal  mode  radiating  its  power  normal  to  the  direction  of  prop¬ 
agation,  The  propagation  constants  of  interest  are  bounded  from  the  ex¬ 
cluded  region  and  are  characterized  by  modes  t,  2,  3,  4,  and  5. 

Figure  4  shows  the  propagation  characteristics  of  a  shielded  helix.  Modes 
1  and  4  are  identical  to  that  of  the  open  helix.  However  in  the  shielded 
helix,  the  figure  shows  that  modes  can  now  exist  in  the  excluded  regions. 
These  modes  have  cutoff  frequencies  and  propagation  characteristics 
similar  to  those  that  could  exist  in  cylindrical  waveguides.  Reference  3 
shov/e  the  properties  of  these  modes  are  Largely  determined  by  the  size 
of  the  outer  pipe  or  ths  equivalent  coaxial  line,  where  the  helix  ie  re¬ 
placed  by  a  smooth  cylinder. 


For  thielded  helical  tranamiseion  linea  in  general  and  delay  linea  in 
particular,  it  ia  deairable  to  operate  along  nnode  4  in  the  aecond  branch. 
Aa  explained  in  detail  in  Later  aectiona,  the  efficiency  of  the  helical  line 
ia  increaaed  when  the  frequency  of  operation  ia  centered  around  ka  =  1.5, 
correaponding  to  hp  =  3tr  over  that  of  operating  at  email  valuea  of  ka. 
Operating  along  mode  4,  it  ia  poaaible  to  launch  the  pipe  mode  eQ  |.  How* 
ever,  the  cutoff  frequency  of  thia  mode  can  be  raiaed  ao  that  it  can  not 
propagate  in  the  frequency  band  of  intereat.  Reference  3  indicatea  that 
the  cutoff  frequency  for  tnode  Cq  |  ia  kb  -  ?.A  and  for  aingle  mode  opera* 
tion  b/a  ahould  be  leaa  than  l.o  )b  -  radiur.  of  conducting  ahield). 

For  a  helical  delay  line  the  frequency-acan  character iatic  can  be  ahown 
to  be  inveraely  proportional  to  the  alope  of  the  propagation  characteriatic. 
Conaider  the  frequency  acan  equation  (1). 

kL  ain  Q  •  ^  -2nir 

where 

6  .  3  the  angle  of  the  main  beam  from  the  normal  to  the  antenna. 

L  *  free  apace  diatance  between  radiating  elementa. 
k  -  free  apace  propagation  conatant. 

=  total  phaae  tag  between  adjacent  elementa. 

For  a  ahielded  helix, 

-  hJL  3  kLR 

where  R  ia  the  retardation  factor. 

Inaerting  kLR  for  <i)  in  equation  (1)  and  differentiating  with  reapect  to  k, 
it  can  be  ahown  that  in  the  region  around  broadaide  (0  =  0), 

d0  _  p  -7^1  _  change  in  acan  angle  in  degree 
dk  *  '  ~  Percent  change  in  frequency 

k 

If  the  frequency  of  operation  ia  in  the  normal  helix  modea,  R  can  be  ap¬ 
proximate  by  cac  (the  inverae  of  the  alope  ahown  in  Figure  4). 


HELIX  IMPEDANCE 

Knowledge  of  the  helix  impedance  characteriatica  becomea  uaeful  when 
tranaitioning  to  other  forma  cf  tranamiaaion  linea  and  in  determining 
power  handling  capability.  Impedance  characteriatica  of  a  ahielded  and 
unahieUed  helix  are  ahown  in  Figurea  5,  6,  7,  and  8. 

The  impedance  curvea  ahown  in  Figure  5  and  Figure  b  are  for  an  open 
tape  helix.  In  Figure  5  the  impedance  ia  plotted  veraua  frequency  for  the 
case  where  ^  ia  10  degreei*  and  the  ratio  of  tape  width  to  helix  pitch  (^/p) 
ia  I/IOtt^.  Reference  ?.  explaina  how  thia  curve  waa  plotted  from  rig- 
oroua  calculationa.  Cclculationa  of  helix  impedance  baaed  on  a  developed 
helix  ia  ahown  m  Figure  6"*.  The  curvea  show  impedance  characteriatica 
with  6/p  sec  a-  taken  aa  the  variable.  The  a  is  equal  to  the  number  of 
turns  per  guide  wavelength  and  ia  shown  to  be  leas  than  unity.  However, 
a  can  be  greater  than  unity;  for  this  case,  the  largest  integer  of  a  ia  sub¬ 
tracted  leaving  a,  as  a  rule,  less  than  unity.  To  a  close  approximaticn, 
a  =  ka  provided  the  helix  is  operated  aa  a  slow  wave  structure. 


Both  Figure  7  and  Figure  8  ihow  the  variation  of  the  helix  impedance  for 
a  round  wire  helix.  Figure  7  is  the  reeult  of  extending  the  impedahee 
ealculatione  of  Figure  6  to  a  round  wire.  The  impedance  plot  of  Figure 
8  is  for  a  shielded  helix  at  the  limit  of  zero  frequency^  ,  s  s  0. 

For  a  shielded  helix  operating  in  a  slow  wave  mode  (s  >  0)  Figures  S,  6, 
and  7  can  be  utilized  in  determining  the  impedance.  The  electric  field 
configuration  of  the  helix  is  shown  in  Figure  9  for  s  s  0  and  s  *  <^.5.  | 


HELIX  ATTENUATION 

Section  II  pointed  out  the  benefits  of  operating  on  mode  4  rather  than  mode 
1.  By  operating  in  the  second  branch,  the  pitch  size  can  be  increased, 
resulting  in  the  use  of  larger  diameter  wire.  The  increase  in  wire  diam¬ 
eter  reduces  the  current  concentration  around  the  wire  and,  in  general, 
improves  attenuation. 

Figure  10  shows  the  attenuation  characteristic  of  an  unshielded  round 
copper  wire  helix  at  1  gc/s  from  calculations  in  Reference  4.  The  curve 
shows  that  ^e  attenuation  Increases  as  phase  shift  per  turn  increases,  up 
to  s  a  0.  5.  Low  attenuations  at  small  values  of  s  are  the  result  of  high 
impedance  in  this  case.  However,  the  phase  change  with  frequency  is 
also  reduced  at  low  s  values.  Therefore,  best  operation  is  close  to  ka  a 
1.5  or  s  a  0.5.  The  attenuation  will  be  minimum  for  a  broad  range  of 
wire  diameter  to  helix  pitch  ratio.  To  determine  attenuation  at  other  fre¬ 
quency  bands  and  for  geometries  scaled  with  the  frequency,  the  attenua¬ 
tion  constant  goes  as  frequency  to  the  three  halves  power. 

The  meaeured  value  of  attenuation  of  the  helical  delay  line  reported  here 
ie  shown  in  Table  I.  The  loss  appears  comparable  to  a  50  ohm  1-5/8- 
inch  coaxial  transmission  line.  However,  nearly  half  of  the  measured 
loss  can  be  attrib«ited  to  loss  in  the  dielectric  material.  A  substantial 
amount  of  dielectric  material  was  used  in  the  experimental  helical  line. 


TABLE  L  PROPERTIES  OF  A  FABRICATED  HELIX 
_ AT  1.35  gc/s _ 

Mean  Diameter  *  3.047  inches 

Pitch  >0.913  inch 

Wire  Diameter  «  0.318  inch 

Shield  Diameter  >  4.566  inches 

Measured  attenuation  >  9.0  db/  100  ft 

Measured  Peak  Power  Capacity  >1.5  megawatts^ 


Figure  10  can  be  used  to  determine  the  attenuation  characteristics  for  a 
shielded  helix  operating  in  the  delay  line  modes.  For  these  modes  the 
shield  has  little  ^fect  on  the  helix  field  configuration,  as  shown  In  Figure  Q. 


HELIX  ROWEE  HANDLING  CHARACTERISTICS 

In  general,  the  helical  delay  line  wh»n  used  in  a  frequency  scanning  sys¬ 
tem  must  be  able  to  transmit  high  pulsed  power.  The  power  handling 
capacity  of  the  helix  (equation  2)  is  as  follows;  ^ 


4 


where 


r  s  radius  of  wire. 

Efpgv  3  maximum  £  field. 

Z  3  Helix  impedance  taken  from  Figure  7. 

Equation  (2)  is  derived  with  the  assumption  that  the  radial  electric  field 
has  no  variation  around  the  wire.  The  approximation  is  most  accurate  in 
the  region  of  minimum  attenuation. 

The  influence  of  power  breakdown  due  to  wire  diameter  is  shown  in  equa¬ 
tion  (2).  For  small  conductor  size  the  electric  field  intensity  is  increased 
and  concentrated  around  the  wire;  hence  voltage  b  eakdown  is  enhanced 
compared  to  a  larger  diameter  wire.  Here  again,  mode  4  operation  ap¬ 
pears  desirable. 


III.  DEVELOPMENT  OF  A  PRACTICAL  SHIELDED 
HELIX  AT  L-BAND 

For  a  frequency- scanning  system,  theory  says  that  the  helical  delay  line 
should  operate  on  mode  4.  The  frequency  corresponding  to  mode  4  opera¬ 
tion  centers  at  ka  3  1,5,  Furthermore,  theory  predicts  that  for  minimum 
attenuation  and  peak  power  handling  capability, 

wire  diameter  —  n  ic 

Helix  pitch  ~ 

and  for  single  mode  operation. 


b 

a 


<  1.6  . 


In  order  to  experimentally  verify  the  results  obtained  from  theory,  a  heli¬ 
cal  main  line  section  was  fabricated  to  the  dimensions  shown  in  Table  I. 


wire  diameter 

0.318 

=  0.35 

Helix  pitch  (P) 

■  0.913 

radius  of  shield 

_  h 

_  2.233 

radius'  of  helix 

a 

1.523 

The  retardation  factor  CSC  =10.52. 

These  parameters  were  selected  to  correspond  to  the  optimum  conditions 
predictfxl  by  theory.  The  operating  fi-equency  band  was  chosen  to  corres¬ 
pond  to  1.1  <  k'a  <  1,3.  (The  reason  for  not  operating  about  Ka  =  1.5  was 
that  theoretical  study  was  not  complete  at  the  time  of  the  experiment.)  For 
k'a=  11  and  1.3  the  frequencies  are  1220  mc/s  and  1520  mc/s,  respec¬ 
tively.  k'  is  modified  to  account  for  partial  dielectric  propagation. 

To  determine  the  propagation  characteristics  of  the  experimental  helical 
line,  a  special  cylindrical  outer  shield  was  constructed.  The  shield  con¬ 
sists  of  a  probe  carriage  which  slides  along  a  longitudinal  slot  and  is  sim  ¬ 
ilar  to  a  coaxial  slotted  line.  The  helix  termination  was  made  of  an  annu¬ 
lar  cylinder  of  aynthane  and  fitted  between  the  helix  and  shield.  VSWR  of 
the  termination  is  less  than  1.1  over  the  frequency  band.  In  conjunction 
with  the  helix  slotted  line,  a  phase  measuring  system  was  set  up. 


MM«ar*in4M»ta  of  phaao  voraua  axUl  diatanc*  ahowad  good  agraament  with 
thaory.  Aa  would  ba  axpactad,  tha  wavalangth  along  ^a  halix  ia  ahortar 
than  Uia  fraa  apaca  valua  dua  to  tha  aubatantial  amount  of  dialactric  ma- 
tarial  uaed  in  aupporting  tita  halLx  conductor.  Maaauramanta  ahow  that 
^a  phaaa  valucity  parallal  to  tha  halix  wira  variaa  from  0.90  c  at  f  > 
1265  nnc/a  to  0.9S  c  at  f  «  1420  me/ a  {c  *  valocity  of  light  in  fraa  apaca). 

At  a  fraquancy  of  1350  mc/a.  tha  inaartion  loaa  of  tha  halix  waa  maaaurad 
aa  0.092  db  par  foot.  Aa  mantionad  aarliar,  loca  in  tha  dialactric  mate¬ 
rial  contributed  to  approximately  half  tha  maaaurad  inaartion  loaa. 

High  power  measuramanta  have  ahewn  that  tha  helical  line  ia  capable  of 
wlvhatanding  more  than  1.5  mw  of  tranamittad  power.  The  tranamitter 
uaad  for  thia  teat  waa  tha  type  AN/TPS- 1  operating  at  a  frequency  of  1300 
mc/a,  PRF  >  360  ppa  and  a  pulaa  width  of  2  microaeconda.  Theabaolute 
power  breakdown  value  of  ^a  main  helix  section  waa  not  determined. 
Power  breakdown  in  tha  helix  to  waveguide  pranaitiona  occurred  prior  to 
tha  main  line  helix. 

Figures  11  and  12  ahow  Pie  type  of  holix  to  waveguide  transitions  used  in 
the  high  power  test.  These  transitions  use  the  probe-type  coupling  tech¬ 
nique  and  are  not  critically  sensitive  to  dimensional  variations.  Over  the 
frequency  band  1260  mc/s  to  1420  mc/s  the  VSWR  is  less  than  1.1  for 
these  tranaitiona.  Inaartion  lose  of  a  single  transition  was  measured  as 
0.022  db  at  1350  mc/s. 


IV.  DEVELOPMENT  OF  THE  POWER 
DISTRIBUTION  COUPLERS 

Oireetional  coupleza  were  developed  to  couple  energy  from  the  helix  to 
the  radiating  elements.  Design  requiremsnts  were  as  follows; 

e  A  large  range  of  coupling  values,  -13  db  to  -30  db  (required  for  low 
.  sldelobe  antenna) 

e  These  couplers  should  be  highly  directional  in  order  to  minimize  re¬ 
flection  toward  ^e  input  of  ^e  helix 

e  These  couplers  should  not  Introduce  high  mismatch  into  the  main  line 

e  The  power  handling  capability  of  the  main  line  helix  must  not  be  de¬ 
graded  significantly  by  the  introduction  of  the  coupling  wires  inside  the 
shield. 

Two  related  types  of  coupling  configurations  were  con3ider€Mi  in  satisfy¬ 
ing  these  requirements.  One  ie  known  ae  the  coupled  helix  configuration^. 
TMc  type  of  coupler  coneiste  of  an  auxiliary  helix  centered  between  the 
mainline  helix  and  tfie  ehield.  Models  of  this  coupler  for  complete  power 
fcranefer  have  beendeveloped  which  exhibit  extremely  broadband  directional 
coupling  characteristic e  C  The  second  type  of  coupler  is  a  short,  fixed 
length  ^  strip  traramissloa  line  foliowing  the  contour  of  the  shield.  The 
etripline  ie  located  betwem  the  shield  and  the  mainline  helix. 

Tha  flret  type  of  coupler,  using  coupled  helic^ie,  has  a  natural  coupling 
between  parallel  wire  transmission  lines;  in  particular,  it  is  contra- 
directional  in  that  the  induced  wave  travels  in  the  opposite  direction  to 
the  Inducing  wave.  If  ei^er  the  electric  or  magnetic  coupling  were  elim¬ 
inated,  the  coupling  would  be  con-directional  and  if  either  were  reversed. 


the  coupling  would  be  co>directionel.  In  lumped  constant  video  directional 
couplers,  the  magnetic  coupling  can  be  reversed  by  reversing  the  winding 
sense  of  one  coil.  The  same  situation  exists  in  the  case  of  coupled  helices. 

Power  transfer  from  the  main  helix  to  the  coupling  helix  is  accomplished 
in  the  following  manner:  Theory  predicts  that  the  power  transfers  back 
and  forth  from  the  main  helix  to  the  coupling  helix  along  the  axial  distance 
to  produce  a  "beat"  or  coupling  wavelength.  Therefore,'  it  is  possible  to 
determine  the  tapping  points  (or  length)  of  the  coupling  helix  at  which  the 
required  coupling  value  is  desired.  In  this  manner,  complete  or  minimum 
power  transfer  can  be  accomplished  by  tapping  at  the  peak  or  null  of  the 
"beat"  wavelength. 

Coupling  coefficient  can  be  controlled  also  by  moving  the  coupling  helix 
closer  to  the  main  helix  or  by  varying  the  pitch  and  sense  of  winding  the 
coupling  helix.  With  tighter  coupling  the  coupling  coefficient  is  more  con> 
stant  over  the  frequency  band.  The  directivity  is  affected  by  each  of  these 
variations  and  so  a  compromise  must  be  made  to  maintain  a  desired  value 
of  constant  coupling  coefficient,  constant  transfer  phase,  and  directivity 
over  the  frequency  band.  Coupling  helices  have  been  fabricated  by  wind¬ 
ing  a  silver  strip  on  a  polyfoam  core  to  fit  over  the  main  line.  Beat  pat¬ 
tern  measurements  were  taken  to  verify  theory. 

The  second  type,  the  stripline  coupler,  is  currently  used  in  the  helical 
delay  line  to  achieve  directional  coupling  by  control  of  the  impedance  of 
the  auxiliary  line.  The  stripline  coupler  is  similar  in  operation  to  the 
loop-type  directional  coupler  used  in  some  coaxial  applications  or  strip- 
line  couplers.  One  advantage  of  this  type  of  coupler  is  that  the  coupling 
stripline  is  much  shorter  than  the  coupled  helices.  Loop-type  couplers 
(assuming  proper  construction)  have  intrinsic  backward  directivity;  that 
is,  the  coupled  energy  in  the  secondary  line  travels  in  the  opposite  direc¬ 
tion  from  that  taken  by  the  wave  in  the  main  transmission  line  or  guide. 
Although  loop-type  directional  couplers  have  found  wide  application  in  re¬ 
cent  years  in  measurement  systems,  their  design  is  largely  one  of  "cut" 
and  try. 

The  stripline  coupling  configuration  developed  for  the  helical  line  is  shown 
in  Figure  13.  This  coupler  is  simply  a  short  section  of  helix  (some  Vg/4) 
with  coaxial  connectors  attached  at  each  end.  A  7/ 8- inch  coaxial  line  is 
used  to  increase  the  power  handling  capability  of  the  coupler.  Teflon  di¬ 
electric  spacers  maintain  a  constant  separation  distance  between  Ihe  strip 
and  the  shield.  Furthermore,  these  spacers  ensure  that  the  stripline  fol¬ 
lows  the  curvature  of  the  shield,  thus,  promoting  coupler  repeatability, 
aid  in  matching  the  coupler,  and  increase  power  breakdown  strength. 

Various  tests  were  conducted  to  determine  the  effect  of  changing  the  strip- 
line  parameters  of  the  coupler.  First,  the  distance  (the  thickness  of  the 
teflon  spacers)  between  the  shield  and  stripline  was  varied.  The  width  of 
the  stripline  was  also  varied  to  maintain  a  reasonably  good  VSWR.  A  par¬ 
ticular  value  of  coupling  coefficient  was  obtained  for  a  specific  teflon  thick 
ness.  During  preliminary  testing  no  attempt  was  made  to  optimise  the 
directivity:  however,  the  objective  was  to  obtain  a  directivity  of  greater 
*^han  20  decibels. 

After  the  tests  of  varying  the  teflon  thickness,  angular  variations  of  the 
stripline  were  introduced  to  observe  the  coupling  effec  ts.  Using  an  1 1 - 
db  coupler,  angular  variations  alor;;  the  helix  pitch  angle  were  tested. 

Test  results  showed  that  for  minimum  coupling  variation  versus  frequency 


th«  opiimuin  angU  of  tho  otriplino  wa«  9.37  dogrcoi  opposite  tho  helix 
angle.  Directivity  measurement  showed  values  of  17  decibels  or  greater. 
Further  increase  of  stripline  angle  resulted  in  loss  of  directivity.  The 
design  information  obtained  from  this  test  was  extended  to  the  17-decibel 
coupler,  and  the  result  showed  identical  coupling  variation. 

For  maximum  directivity  the  width  of  the  coupling  strip  was  varied  keep¬ 
ing  the  thickness  of  the  teflon  spacer  constant.  Maximum  directivity  is 
obtained  when  the  ratio  of  the  thickness  of  the  teflon  spacer  to  the  width 
of  tlie  strip  is  0.416  of  an  inch.  The  impedance  of  the  coupled  strip  trans¬ 
mission  line  establishes  the  mismatch  of  the  terminals  relative  to  the 
trancmiseion  line.  This  impedance  also  affects  the  manner  in  which  re- 
fleetione  from  the  two  terminate  of  the  coupler  interact  with  each  ether. 
With  a  euitable  choice  of  strip  width  for  a  given  dielectric  thickness,  the 
coupled  wave  caacele  at  the  directive  arm  and  adds  at  the  coupling  arm. 

Final  daaign  information  for  the  power  distribution  coupler  is  shown  in 
Figure  14.  The  ratio  of  the  teflon  thickness  to  the  width  was  kept  con- 
etant  at  0.416  of  an  inch  for  all  pointe  along  tha  curve. 

V.  COMBINATION  HELIX-ANTENNA 
FREQUENCk^SCANNING  SYSTEM 

The  linear  airray  antenna  uaod  to  determina  the  frequency-scanning  capa¬ 
bility  of  the  helical  delay  line  consisted  of  10  dipoles  placed  collinearly 
along  a  corner  reflector.  Figure  15  ehows  a  VSMTR  characteristic  of  a 
typital  dipole.  VSWR  is  equal  to  or  less  than  1.5  over  the  frequency  range, 
1370-1520  rnc/s. 

The  helix-antenna  components  were  assembled  as  a  unit,  as  shown  in 
Figure  16.  The  lengtii  of  the  main  helix  line  was  48  inches  long  to  pro¬ 
vide  for  10  couplers.  The  unit  was  designed  with  a  retardation  factor  of 
10.52  (esc  4;)  and  to  scan  i45  degrees  over  the  frequency  band  of  1300  to 
1500  mc/s.  The  spacing  between  couplers  is  4.565  inches.  From  prac¬ 
tical  considerations  anO  to  obtain  low  sidelobes,  a  modified  Taylor  amp- 
Uti^vie  dletribution  was  ckoeen  for  this  t'j'pe  of  an  array.  Coupling  values 
ranged  from  -10  decibels  to  -26  decibels,  producing  a  beamwidth  of  13 
degrees  in  the  plane  of  scan. 

Prior  to  testing  the  helix-antenna  combination  at  the  antenna  pattern  site, 
tests  were  conducted  to  determine  the  relative  phase  and  amplitude  at  the 
outputs  of  the  coupler.  Relative  phase  measurementc  taken  at  the  output 
of  each  coupler  imr  'csted  that  the  curve  of  the  phase  error  ie  similar  for 
each  frequency  of  ;  terest.  Correction  of  the  phaee  error  was  accom¬ 
plished  by  adjusting  each  of  the  coaxial  cables  attached  to  the  couplers  to 
an  appropriate  length.  The  curve  depicting  the  corrected  phase  error  in 
Figure  1?  is  the  result  of  the  phase  measurement  taken  at  the  output  of 
theee  adjusted  coaxial  lines.  Amplitude  measurement  shows  good  agree¬ 
ment  with  the  calculated  values  as  shown  in  Figure  IS. 

Finally,  the  entire  helix-antenna  combination  ws.s  taken  to  an  antenna  pat¬ 
tern  site  to  determine  its  frociuency  scanning  capability.  The  results  of 
the  test  are  plotted  in  Figure  J  1  over  the  frequency  band  1250-1520  mc/s. 
The  side  lobes  and  beamwidth  show  good  agreement  with  the  calculated 
values. 


CONCLUSION 


Th«  performance  character iatf.ce  of  the  helix-antenna  combination  have 
been  tested  and,  in  the  frequency  band  of  interest,  adhere  closely  to  those 
predicted  by  theory.  Thus,  it  was  established  that  the  shielded  helical 
line  is  entirely  capable  of  single  mode  operation,  low  loss,  and  high  ^wer 
capability  at  L-band  frequencies  and  lower  frequencies.  Furthermore, 
it  appears  that  this  technique  can  be  extended  to  the  S-band  region  for 
wider  beam  widths. 
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ABSTRACT 


WIDE  SCAN  SHORT  FOCUS  MILLIMETER  WAVE  DIELECTRIC 

LENSES 

By 

A  Mayer 

National  Engineering  Science  Company 
Pasadena,  California 

A  foamed  dielectric  lens  may  be  favored  over  a  metal  -egg-crate)  lens- 
particularly  in  view  of  recent  advances  in  plastics  technology  >  for  any  of 
several  reasons:  its  lower  weight,  smaller  volume  (by  design  such  as  in 
footnote  1),  ease  of  fabrication,  mechanical  and  thermal  ruggedness,  versatility 
or  uniqueness  (e-.  g.,  the  practicability  of  good  design  haying  a  ring  focus), 
etc- - . -  . 

This  paper  ^  is  concerned  with  the  design,  performance  and  uses  of  dielectric 
lens  antennas  of  the  binormal  or  "two  point  corrected"  type  indicated  in 
Figure  1. 

Panel  A  represents  in  solid  lines  the  cross-section  of  such  a  cylindrical 
lens  and  a  focal  line  feed  (at  Fj,  designed  by  geometric  optics  to  produce 
a  plane  wave  front  emergent  at  design  angle  C  ;The  leno  surfaces  are  not 
portions  of  simple  circular  cylinders.  ;  Th**  focal  line  is  parallel  to  but 
removed  from  the  plane  of  lens  symmetry.  A  feed  at  F  ,  the  mirror  image 
of  F,  produces  a  second  or  alternate  plane  yave  directed  along  0‘  =  •  9,  shown 
in  broken  lines.  The  lens  is  designed  for  specified  focal  length  f,  diameter 
d,  beam  angle  0  opf^rating  wave  len:^*h  \  ^  and  dielectrir  constant  n;  f.  d  and 
9  'but  not  X)  determine  y^,  trie  fe*d  offset  from  the  plane  of  symmetry, 

The  lens  material  may  b*  any  sui^Tble  dielectric,  .ve  ha^e  su'-ce ssfully  designed 
and  tested  lenses  of  solid  polystyrene  and  ^  of  aluminum -loaded  foamed 

i.  Based  in  part  on  "A  Design  Procedure  for  Dielectric  'I'crowave  Lenses 
of  Large  Aperture  Raf’o  and  Large  Scanning  Angh'  "  bv  A  Vl.’ver.  Raytheon 
Report  M/R  lb  792.  February  M  1  Matnem-itir  a  oetaila  of  design  ’.vere 

oresented  m  in  article  of  same  title,  co -lutho'-e*!  v/it  i  F  S  Dolt  .n  I  R  L 
Trans.  P  Ci  .A  F  ,.  Vpl ,  AP-5  Mo  1.  Jam-ary  1^-7 

Z-  Cf  P  C  Fritscli  Dawelopme:’*  oi  L.ight  Weiuhr  A.'iiiCia(  D  le  tr  i  c 
Raytheon  Report  M/R  Janv.ar-r  j  bon 


•  poxy 

Pwiel  B  show*  •  (two-)  20o«d  version  oi  the  lend,  uteppeo  for  iightness.. 
reduction  of  tramtmission  los«,  and  ravings  of  material,.  The  deitign  of 
th«  parent  l«n«  (at  In  A)  determines  a  fan-Uy  of  interior  b’normal  lenses 
all  of  which  &ra  optically  exact  (or  the  stipulated  design  psr#imeter8.  f,  d  . 

0,  n,  and  N  .  Only  a  portion  of  each  member  lens  goet  to  make  up  the  final 
ebned  tens  (allowance  for  overlsp(. 

Panel  C  shows  that  by  rotating  the  cross-section  in  B  aU^ut  the  x-axis  wc 
gensrate  a  spharically  symmetric  leas  (whose  surfaces  are  aspheric,  quite 
aside  from  being  stepped).  This  lene  has  a  ring  focus. 

Some  noteworthy  featuros  of  these  lenses  are;  (1)  very  short  focal  lengths 
(compactness)  are  achievable,  (2)  along  with  unusually  low  t/d  ratios  (^0.  35 
compared  to  practical  lower  limits — 1.0  with  metal  lenses  of  egg -crate 
variety };  (3)  capability  of  large  beam  offset;  and  (4)  room,  by  virtue  of  con¬ 
trolled  axial  offset,  to  accommodate  many  separate  feeds  or  continuous 
feed  eirocturee  on  a  ring  focus. 

Only  the  briefest  comment  on  the  design  procedure  is  possible;  see  Ref.  1  for 
details.  Figure  2  ehov's  in  solid  line  the  upper  half  of  a  binormal  lens  wliich  ^ 
satisfies  all  the  requiremente  of  a  stipulated  design  (f^,  s^  ~  d/2,  0  m, A  , 
the  locatioa  of  its  intersection  with  the  x-axis  is  not  known.  The  interior 
inter secticn  is  assrtmed  to  have  the  trial  value  c‘.  Starting  from  F,  ray 
traces  are  made  through  c*  to  a  conveniently  chosen  but  arbitrary  wave  front 
W,  then  bach  to  F,  in  a  manner  which  satisfies  ;exactly)  the  optical  requiremeni 
of  the  design.  Alternate  tracings  are  outward,  toward  W  through  the  upper  , 
half  of  the  interior  surface  then  inward,  toward  F  threugh  the  lower  half  of 
that  surface.  The  collection  of  pomts  (and  associated  slopes) determined  by 
the  ray  tracings  -  e^g,,  the  collection  associated  with  trial  value  c'  and 
identified  by  open  circles  and  markings  e^,  i.,  ij  define  a  "ray  lattice’' 
it  is  relatively  simple  to  determine  a  ray  lattice  which  condenses  as  closely 
as  desired  to  the  knife-edge  (at  f^,  s^;  of  the  desired  solution,,  When  a  ray 
lattice  is  found  acceptable  (good  enough  ro  tide  n  anti  on  at  edge  V  polynorn'npi  s 
are  passed  through  the  lattice  points  to  determine  the  remaining  surface  foordin 
ales.  Although  the  calculation  of  ray  lattices  may  be  economic.-^!]/  done  on  n 
calculator,  it  is  desirable  to  determine  the  interpolation  polynominals  by 
Computing  machine.  ’We  have  used  fourth  order  polynominals  (in'y^;  and  have 
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had  axcallent  ray-traca  chacfcouts  for  lanaea  of  up  to  48"  dianMtar  bavlag 
f/d  as  low  as  0.35  and  0  as  largo  as  60*,  dasignad  for  K-baad  or  x-baiid 
oparatlon  amploying  madia  of  dialactric  constant  2.54  or  1.6.  Ths  satire 
design  mathematics  are  readily  and  economically  programmed  for  computer. 

Before  citing  specific  performance  <L%ta.  we  note  some  applications  to 
illustrate  the  Ysrsatility  of  the  binormal  lens.  The  lens  performs  the  functions^ 
of  scanning  in  one  or  two  dimensions,  u^en  one  or  more  feeds  moYS  on  a 
scanning  curve  (for  the  cylindezical  lens)  or  scanning  surface  (for  the  spherical 
lens).  Ehcperimenta  show  that  the  antenna  pattern  does  not  deteriorate  exces¬ 
sively  for  the  motion  of  F  on  a  "best  scanning  curve"  (such  as  the  broken  line 
drawn  through  F  and  F'  in  Figure  IB)  or  on  a  "best"  cap  based  on  the  focal 
ring  (as  shown  in  Figure  3).  Jrigure  3  shows  how  simultaneous  lobing  or 
tracking  may  be  achieved  with  stationary  receivers  (horna  perhaps)  at  the 
points  marked  1,  2,  3;  corresponding  beams  are  similarly  numbered. 

A  similar  arrangement,  mounted  in  an  airplane  with  x-axis  perpendicular, 
can  serve  for  (Doppler)  navigation.  Sequential  switching  orphasing  of  elements 
is  of  course  possible:  the  ring  feed  easily  becomes  an  array.  As  a  passive 
or  active  beam  transducer  -  a  "repeater"  with  or  without  gain -it  may  accept 
signals  from  (say)  direction  1  and  relay  such  signals  to  any  or  all  of  directions 
1,  2,  3  (incidence  and  return  along  3  is  a  kind  of  corner  reflector  function). 
Applications  to  airport  surveillance  and  beaconry  are  readily  recognised. 

The  focal  line  or  ring  of  the  binorraal  lens  leaves  ample  room  for  occupancy 
by  passive  and/or  active  primary  radiators  whose  mutual  coupling  is  con¬ 
trolled;  e.  g. .  horns,  small  de poles,  slots,  pill  bbxe s  with  or  without  para  ~ 
metric  and/or  tunnel  diode  loadings.  The  use  of  binormal  lenses  in  adaptive 
or  data  processing  arrays  is  clearly  possible.  Their  potential  as  a  primary 
to  feed  a  larger  antenna  -  combined  with  low  noise  active  element  on  ths 
focal  ring  -  is  considerable. 

As  example,  of  the  performance  obtainable  with  good  but  not  best  dielectric 
material.  Figure  4  shows  the  contour  of  an  unzoned  K  'band  lens  designed  for 
=  d/2  5  5, 5".  =  5. 5",  9  =  20*,  X  ^  ,  9**  =  2. 3  cm,  n  =  1.5,  atui  Figures  5 

aiKi  6  show  its  test  patterns.  The  patterns  were  measured  with  the  lens  fed 
3.  Most  of  the  So  are  readily  suggested  by  Figure  1. 
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bv  STixaH  couicR?  p/ystoid?*!  ’'optinicm’'  horns  d??signed  fpi'  edge  illustrAt’ou 
10  do  down  from  the  center.  Compsxipon  vnth  a  5b%  efficient  parabolojd;  of 

'tv'  2 

ap’rture^s  cos  €  is  briefly  tabulated: 

■'O', 


The  lower  afficiency  of  this  particmar  --  and  early *iens  and  feed  cornbinar'on 
is  readily  accounted  fort  by  the  extra  thickness  of  the  unzcned  lens  floss  and 
residual  inhornoge neity  in  the  loaded  foamed  epoxy);  by  the  extreme  simpUcity 
of  the  feed  horn?  'these  v/ere  i'.ot  dasigned  to  compensate  for  astigmatisai^ 

such  30  any  aspheric  lens  processes,  aor  to  ha%'e  E-  snd  H--*  plane  phase  center 
ccinridens  with  tho.^re  o.f  the  lens),  etc..  With  zonlvrg  and  irxjproved  lots  of 
load eu -foe m  material,  and  especially  with  a  ••ery  good  microwave  dielectric 
material  lilce  Cuuloadedj  polystyrene,  imuch  bett-i:r  efficiencies  were  obtained., 
Even  in  this  miolaborate  preparation  and  t-einLvngi.  the  scanning  property  and 
the  re|.sti’/e  uri,£ormj,t\'  of  gain  during  scan  is  n.obc worthy  = 

If  time  porrmits,  test  results  for  other  levins  will  be  di.«cu,35edj  s.g,.  for  the. 
lens  of  Figxiie  7.  Designs  for  lenses  of  diametex*  cors-siderably  larger  than 
those  cited  have  ’>esn  {succeesfully  carried  out.  These  wex*.?.  xtaostly  with. 

0,  35  ^  f /cl  ^-0,  the  value  0.35  is  uol  a  lo-  >vsr  ra,nge  limir.  for  the  de.^ign  p'^rarx';: 

f  /d , 
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I  (A)  UT'iZONSD  3IISOR.\LAL  LEMS  (3)  SAME  LENS  ZONED 
(C)  SPHERICAL  LENS  DERIVED  FROM  3.  ALL  CROSS- 
SECTIONS  POSSESS  IvURRCR  SYMMETRY. 


FIGURE  I  B£NCl^GOF  RAY  LATTICES 
A  SECTIO^  THRU  THE:  LEINS 


FIGURE  5  11’  K-BAND  LENS 
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ANTENNAFIERS  FOR  BEAM-STEERING  ARRAYS* 


Jonathan  O.  Young 
Antenna  Laboratory 
Department  of  Electrical  Engineering 
The  Ohio  State  University 
Columbus^  Ohio  43212 


ABSTRACT 

An  active  steerable -beam  array  consisting  of  four  transistor¬ 
ised  dipole  antennafiers  has  been  constructed  and  evaluated.  Beam 
control  was  accomplished  by  integrated  gain  and  phase-shift  circuitry 
in  each  dipole^  coupled  by  an  equal -amplitude  corporate  feed.  Antenna 
patterns  have  been  taken  for  different  amplitude  tapers  with  beam 
angles  varying  from  broadside  to  endfire. 

The  antennafier  element  used  was  a  gamma -matched  half-wave 
dipole  integrated  with  a  T2028  transistor  amplifier  and  a  pi-section 
phase-shift  and  impedance  transformation  network  with  dual  varactor 
control.  Gain  control  was  effected  by  adjusting  base  bias ,  while  variable 
varactor  bias  in  two  legs  of  the  pi-section  was  used  to  shift  phase. 
Calibration  curves  of  element  control  voltages  vs.  element  gain  and  phase 
shifty  and  array  control  voltages  vs.  array  beam  characteristics  have 
been  obtained. 


*  The  work  reported  in'this  paper  was  supported  in  part  by 
Contract. AF  33(657)  -10386  between  Research  Technology  Division^ 
Wright-Patterson  Air  Force  Base^  Ohio  and  The  Ohio  State  University 
Research  Foundation. 


ANTENNAFIE/?S  FOR  BEAM-STEERING  ARRAYS* 

Jonathan  O.  Young 
Antenna  l.aboratory 
Department  of  Electrical  Engineering 
The  Ohio  State  University 
Colurpbus^  Ohio  43212 

INTRODUCTION 

Of  the  many  beam-steering  methods  in  use  today  and  being 

e'^^aluated  for  future  use  ^  one  of  the  most  promising  developments  is 
an  array  of  antennas  with  integrated  gain  and  phase-shift  circuitry^ 
called  antennafiers^  for  electronic  beam-steering.  Electronic  steer¬ 
ing  with  antennafiers  eliminates  the  need  for  heavy  and  complicated 
mechanical  steering  without  paying  the  penalties  incurred  with  mech¬ 
anical  or  ferrite  phase  shifters. 

The  antennafier  element  can  use  relatively  uncomplicated  minia 
turized  circuitry  which  has  simple  control  requirements^  and  thus  can 
provide  a  saving  of  both  space  and  cost. 

Antennafier  arrays  may  vary  in  number  of  elements^  type  of 
elements^  and  purpose;  but  .all  offer  a  relatively  simple^  compact^  and 
inexpensive  method  for  complete  antenna  beam  control. 

ANTENNAFIER  ARRAY 

A  steerable-beam  array  has  been  built  and  tested  using  four 
identical  X/2  dipole  antennafiers  at  148  Me.  Fig.  1  shows  a  schematic 
diagram  of  one  such  element.  The  dipole  antenna  is  connected  by  a 
gamma-match  directly  into  the  base  of  the  T2023  VHF  transistor.  The 

*The  werk  reported  in  this  paper  was  supported  in  part  by 
Contract  Ar'  33(657)  -  10336  between  Research  Technology  Division^ 

..  right-Fatterson  Air  Force  Base,  Ohio  and  The  Ohio  State  University 
Research  Foundation. 


t««fth  of  tho  gamnui  rod  and  reaooating  capacitance  were  adjueted  for 
proper  matching  between  the  antenna  and  transiator.  Gain  a4juctment 
waa  accompliahed  uaing  Gontrof  Voltage  A  to  vary  the  amount  of  for¬ 
ward  biaa  between  emitter  and  baae, 

A  Pi  network  with  reactive  elementa  waa  choaen  to  couple  the 
tranaiator  to  the  tranamiaaion  line  becauae  of  ita  theoretical  ability  to 
tranaform  the  tranaiator  output  reaiatance  to  the  characteriatic  imped¬ 
ance  of  the  line  while  at  the  aame  time  providing  any  deaired  phaae- 
ehift.  Fig.  2  ahowa  the  required  arm  impedancea  va.  phaae  ahift  for 
a  Pi  network  coupling  the  12^0000  output  reaiatance  of  the  T2028 
tranaiator  to  a  SOn  tranamiaaion  line.  With  fixed  inductancea 
L3=.  27  micro-henriea  and  =  1.  0  micro -hecriea^  the  capacitancea 
required  to  aatiafy  theae  impedance  curvea  at  148  Me  are  ahown  in 
Fig.  3. 

The  circuit  choaen  to  approximate  theae  requirementa  haa  a 

2.  2  pf  fixed  capacitor  in  arm  and  type  PC  139  varactora  in  arma 

B  and  C.  A  biaa  variation  of  O  to  -45  voUa  for  Control  Voltagea  B  and 

C  givea  a  capacitance  range  of  approximately  2  pf  to  20  pf  in  arm  C 

and  approximately  4  pf  to  40  pf  in  arm  B,  It  waa  found  that  thia 

o 

circuit  givea  approximately  a  180  phaae-ahift  range  with  adequate 
matching. 

Fig.  4  ahowa  a  Curve  of  relative  output  aignal  amplitude  of  the 
Pi  network  va.  phaae  lag  angle.  A  a  expected^  the  beat  matching  occura 
in  the  range  where  the  network  ia  moat  nearly  able  to  tatiafy  the  required 
arm  impedancea. 

Compariaona  of  theoretical  and  experimental  arm  capacitance  va. 
phase  angle  for  arms  B  and  C  are  shown  in  Figs.  5  and  6.  The  disconti¬ 
nuities  in  the  experimental  curve  of  Fig.  5  occur  when  the  limits  of  the 
obtainable  capacitance  range  are  reached.  The  lack  of  a  "hump”  in  the 


experimental  characteristic  of  Fig.  6  results  from  using  a  fixed 
capacitor  in  arm  A. 

Four  of  the  antennafier  elements  previously  discussed^  spaced 
a  half  wavelength  apart^  constitute  the  steerable>beam  array  as 
shown  in  Fig.  7.  The  elements  are  coupled  by  the  feed  structure  shown 
in  Fig.  8.  This  feed  arrangement  and  the  180°  element  phase  shift 
*ange  theoretically  provide  a  continuous  range  of  beam  angles  from 
broadside  to  endfire  in  one  quadrant. 

The  phase  of  the  received  signal  at  each  element^  with  respect 
to  the  phase  of  element  vs.  >>eam  angle  is  shown  in  Fig,  9.  Neglect¬ 
ing  mutual  coupling^  the  phase  shifting  circuits  must  compensate  for 
this  signal  advance  or  delay ^  so  that  all  element  signals  to  the  feed 
structure  are  added  in  phase  at  the  desired  beam  angle.  The  reference 
base  line,  chosen  as  shown,  modifies  the  phase  shift  requirements  so 
that  the  continuous  range  of  beam  angles  from  broadside  to  endfire  is 
obtainable  from  the  phase  shift  circuitry  which  was  used. 

Fig.  10  shows  the  required  circuit  phase  shift  (with  respect  to 
the  base  line)  vs.  beam  angle.  The  feed  structure  and  phase  shift 
circuitry  satisfy  the  necessary  requirements  of  the  phase  shift  range 
for  each  element. 

Experimental  results  show  this  to  be  a  workable  system  for 

beam  Steering.  Figs.  11-15^  show  calculated  and  measured  antenna 

O  0  0,0  o 

patterns  for  beam  angles  of  9  ^  10  ,  30  ,  60  ,  and  90  off  broad¬ 
side  respecMvely.  The  noticable  assymmetry  in  the  patterns  near 
endfire  is  caused  by  the  supporting  structure.  Discounting  this,  the 
patterns  show  a  good  agreement  with  the  reference  patterns  calculated 
from  point-source  array  theory. 

The  circuit  phase  shifts  which  produced  these  patterns  are 
compared  with  theoretical  predictions  ir,  TA3I  E  1.  The  difference 


e*le«Utod  and  mn>«rlm«nt«l  pha««^  which  ia  moat 

•oito  for  grootar  roquirad  phaaa  ahifta,  la  baliarad  to  ba  eaoaad 
prlaelpalty  bp  eoaplliif  batwaao  tha  alamaata.  For  anuill  baam  anglaa 
from  broadaida  tha  raaalta  aaam  within  axparimaatal  error  of  tha 
thaoratieal  pradletloaa. 

SUMMART 

Tha  aataaaA  array  daacribad  harain  damonatrataa  tha  capability 
of  rafdd  atactroalc  baam  ataaring .  Good  parformaaea  can  ba  obtained 
over  a  eowHaaioaa  range  of  baam  anglaa  from  broadaida  to  andfire, 
naing  raladraly  Inaxpanaira^  lightweight,  and  uneomplicatad  antenna* 

Her  alamaata. 
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Experimental  and  Theoretical  Element  Phaae  Shift* 
Element  Number  Predicted  Pha.e  Exper 

Broadaide  Pattern 
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30  Pattern 


60  Pattern 


90  Pattern 
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Fig.  1.  Circuit  of  dipolo  mntoimofier  with  phooe  ohifter. 


Fig.  2.  Arm  impedances  of  Pi-network  versus 
phase  shift  for  specified  impedance 
transformation . 


Fig.  3.  Capacitances  required  versua  phase  shift 
for  specified  impedance  transformation. 
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T\g.  4.  Normalised  anteimafier  output 
amplitude  versus  phase  shift. 
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Fig,  9.  Recsived  signal  -base 


versus  beam  angle 
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Fig.  10.  Required  phase  shift  versus  beam  angle. 


Fig.  11.  Broadside  array  radiation  pattern. 


Fig.  12.  Array  radiation  ipattern  for  beam 
angle  10*  off  broadside. 


Fig.  13.  Array  radiation  pattern  for  bearn 
angle  30*  off  broadside. 


Fig.  14.  Arr  ly  radiation  pattern  for  beam 
angle  60®  off  broadside. 


Fig.  !5.  Endfire  {®0*)  array  radiation  pattern., 
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INTRODUCTION 

Many  electronically  controlled  multiple-beam  array  systems  presently  under  considera'- 
tlon  recpilre  a  means  for  rapidly  switching  microwave  power  from  one  beam  to  another,  or 
from  one  array  to  another.  In  the  present  state  of  the  microwave  switch  art,  there  are  as  yet 
no  available  components  Ideally  suited  for  rapidly  switching  very  high  power  levels.  Ferrite 
RF  switch  power  limitations  are  well  below  the  power  handling  capability  of  the  waveguide 
itself.  High  power  gas  plasma  switches  can  be  used  In  pairs  in  a  balanced  duplexer  arrange¬ 
ment  to  form  a  1:2  switch,  but  plasma  devices  suffer  from  the  disadvantages  of  poor  noise 
figure  and  slow  recovery  time. 

This  paper  describes  a  technique  for  accomplishing  multi-channel  switching  of  high  or 
low  microwave  power  levels,  using  available  state-(rf-the-art  components.  This  technique 
operates  on  the  basic  principle  of  using  binary  hybrid  power  dividers  to  split  the  high  power 
into  lower-power  parts,  then  digitally  phase  shifting  these  lower  power  levels,  and  recom¬ 
bining  the  parts  into  any  one  of  a  number  of  high  power  output  channels. 

The  number  of  channels  which  can  be  switched  is  any  binary  number  (i.  e..  N  =  2”),  and 
the  total  power  which  can  be  switched  is  equal  to  N  t  time.*  tjie  power  handling  capability  of 
the  waveguide  phase  shifter  components  used.  To  introduce  the  technique  a  simple  four- 
channel  switch  configuration  will  be  discussed.  This  N  =  4  configuration  net  only  avoids 
excessive  complexity  in  the  discussion,  but  is  a  very  practical  configuration  for  the  many 
array  systems  which  use  four  planar  arrays  to  achieve  hemispheric  coverage. 

BUTLER -LOWS  MATRIX  SWITCH 

The  Butler  matrix'^*  is  an  arrangement  of  3  db  hybrids  and  fUed  phase  shifters  which 
has  been  applied  to  multiple-beam  arriv  antennas.  A  four— element  example  is  shown  in 
risTjre  1  which  has  four  input  ports,  four  outputs,  and  is  capab'e  of  prr>1ucing  four  discrete 

r  1 

'T'.  ’la  "vre  of  matrix  was  .vi«o  developed  independently  by  Willey  r2)  and  Shelton  (31.  See 
references. 
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beams  as  iQdt'**^d.  The  device  is  Inherently  binary,  and  can  be  extended  to  produce  8,  16, 
or  2"  beams.  Power  Introduced  Into  any  one  cf  the  Input  ports  la  divided  equally  among  the 
output  ports,  but  with  various  phase  delays,  as  for  example  the  values  shown  In  table  I. 


Table  I 

Output  Phases  from  4-Port  Butler  Matrix 
When  Power  Is  Applied  To  Various  Input  Terminals 


Input 

Terminal 

1 

2 

.4 

4 

A 

-135® 

-225* 

-180° 

B 

-180® 

-  90® 

-315® 

C 

-255® 

-315® 

-  90® 

-180® 

D 

-270® 

OD 

c 

0 

-225’ 

-135® 

When  the  output  ports  are  connected  to  a  linear  array  of  antenna  elements,  a  tilted  beam  Is 
radiated.  Higher  order  antennae  of  this  tjrpe  have  been  extensively  studied  and  are  well 
Icnown  (4),  (S),  and  (6). 

If  Instead  of  radiating  the  divided  output  power,  we  feed  it  Into  the  ports  of  an  Identical 
Butler  matrix,  attached  back-to-back,  the  power  will  be  recombined  in  the  second  matrix 
and  (he  total  power  will  appear  at  a  single  terminal  diagonally  opposite  the  input  port  as 
shown  In  figure  2.  If  we  now  introduce  variable  phase  shifters  between  the  back-to-back 
Butler  matrices  as  shown  in  figure  3,  we  can  cause  the  power  to  recombine  Into  any  of  the 
other  terminals  by  properly  adjusting  the  phase  shifters. 

For  the  four-port  example  shewn,  power  Into  input  terminal  1  can  be  recombined  into 
outmt  terminals  1.  2,  3,  01  4  by  providing  the  phase  shift  values  A,  B,  C,  and  D  given  in 
table  n. 


Table  H 

Values  of  Phase  Shift  Required  To 
Switch  Input  1  Into  Four  Outputs 


Outputs 

1 

2 

_ 

3 

4 

A 

0 

1 

00 

0 

-180” 

^270” 

9 

0 

0 

-279” 

0 

0 

CD 

1 

C 

0 

-lao’ 

0 

1 

40 

0 

0 

D 

0 

1 

0 

0 

_ 2 _ 

3 


Figure  2.  Back-To-Back  Butler  Matrices 


Figure  3,  Four  Channel  Butler  Matrix  Switch 


I 
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Notle*  ttet  htrs  ail  phaa*  ahiits  are  negative  (i.  e.  rddltlonal  delay)  and  are  In  discrete 
'nultipMs  of  90*,  which  conveniently  allows  the  variable  phase  shifters  to  be  digital  rather 
than  analog  devices.  Also  .oote  that  each  phase  "hlfter  is  exposed  to  only  oas'fourth  the  total 
power  being  switched  from  input  terminal  1  to  any  of  four  output  terminals.  By  extendiMr  ths 
principles  illustrated  here  in  this  4  port  example  to  higher  powers  of  2,  such  as  an  N-part 
device,  the  total  power  which  can  be  switched  is  N  times  the  power-handling  capability  of  the 
Individual  variable  phase  shifters.  We  can  therefore  use  thid  technique  for  switching  very 
high  RF  power  levels  by  means  of  medium-power  phase  shifters,  together  with  3  dh  hybrids 
and  fixed  phase  shifters  which,  of  course,  must  be  respectively  capable  of  handling  all  or 
half  of  ths  total  power  being  switched. 

HYERID-COUPLER  MATRIX  SWITCH 

Ths  Butler  matrix  Includes  fixed  phase -shifters  and  some  cro'tsed  lines  which  are 
necessary  only  for  its  original  antenna  ai^lication,  but  are  not  necessary  for  the  switching 
^qtplicatioo.  A  simpler  matrix  switch  can  be  devised  as  illustratrd  in  figure  4. 


Figure  4.  Four  Channel  Hybrid-Coupler  Matrix  Switch 


Nut  only  does  this  simpler  arrangement  eliminate  the  fixed  phase  shifters,  but  It  can 
be  Jtiown  that  the  variable  phase  shifters  need  to  have  only  two  values  of  phase  shift,  namely 
0  ami  180”,  whereas  up  to  three  multiples  of  90”  are  required  in  the  Butler  matrix  configura¬ 
tion  (see /.able  H).  The  values  of  phase  shift  required  in  this  simplified  arrangement,  and  the 
corresponding  switch  paths  established,  are  shown  in  table  Eli.  This  hybrid-coupler  matrix 

configuration  can,  of  course,  also  be  extended  to  higher  orders,  such  that  an  N-termlnal 

th 

switch  requires  each  of  the  phase  shifters  to  handle  only  one  N  ‘  Input  power.  It  can  be 
made  In  either  stripline  or  waveguide  form,  the  latter  being  a  natural  choice  for  high  power 
npplications. 
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Table  m 


Phaw  Shift  Requtrenaents  For  A  Four  Cnaniwi  Matrix  Switch 


COMBINATION  SWITCH  AND  POWER  AMPLIFIER  ARRANGEMENTS 

.  For  aystema  requiring  extremely  high  output  power  levela,  the  poaalbllity  oi  inserting 
N  power  ami^lfiers  between  the  phase  shifters  and  the  combining  matrix  can  be  considered. 

The  power  amplifiers  must  have  adequate  phase  and  gain  stability  to  provide  good  isolation 
of  output  power  frmn  the  unswltched  terminals.  j 

Another  variation  of  this  technique  which  may  have  advantages  in  some  systems  is  y 
shown  in  figure  S,  again  in  the  form  of  a  four>channel  example.  Here  power  amplifierfi  are 
used  between  the  hybrid-coupler  matrices  and  switching  is  done  at  the  lower  input  power  level,  i. 

The  multiple-throw  switch  can  be  a  diode  or  ferrite  device,  depending  on  the  power  levels  i 

l 

and  switching  speeds  required.  No  variable  phase  shifters  are  Involved,  and  the  combined 
power  of  many  power  amplifiers  can  be  rapidly  switched  to  a  single  output  terminaL 

ANALYSIS  OF  IDEAL  MATRIX  SWITCHES 

In  analyzing  the  performance  of  hybrid-coupler  matrix  switches,  the  following  phase 
properties  (7)  of  3  db  hybrid  couplers  is  used;  a  signal  into  one  terminal  of  a  coupler  is  split 
into  two  equal- amplitude  components  at  the  two  opposite  (output)  terminals,  with  no  coupling 
to  the  adjacent  input  terminaL  The  outputs  are  equal  in  amplitude  but  differ  in  phase  by  90 
degrees.  The  component  at  the  In-lim  (primary)  output  terminal  experiences  a  45°  delay 
relative  to  thh  phase  ot  the  signal  which  would  exist  at  that  terminal  if  there  were  zero 
coupling  to  the  auxiliary  (secondary)  line.  The  other  component  experiences  a  135°  delay, 
which  differs  -90“  from  the  primary  output.  In  other  words,  a  slgiutl  which  goes  "straight" 
through  a  coupler  comes  out  with  a  45°  delay,  while  a  slgnail  which  goes  "across"  a  coupler 
comos  out  ‘i  a  135“  delay.  It  is  assumed  that  all  coupler  matrix  paths  are  made  of  equal 
electrical  lengths,  and  therefore  the  above  coupler  phase  delays  are  the  only  significant 
frihase  effecLs.  With  these  "ground  rules",  the  values  of  piiases  in  table  I  can  be  verified, 
and  the  following  simplified  (but  accurate)  analysis  method  can  be  applied  to  various  matrix 
switch  cottfiguratitsns. 


Swttch  Paths  Established 

Phase  Shift  Values 

fA  ^  W" 

le-»l',  2^w2',  3  w-w3',  4*-e4’ 

2*-*V,  3  ♦♦4*,  4**3* 

le-wS',  2  ♦-W4',  3e-isl*,  4  4^2* 

14-W4'.  24-wS’,  34-e2’,  44-w  1’ 

0  0  0  0 

0  0  -180“  -180“ 

P  -180“  0  -180“ 

-180“  0  0  -180“ 
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Figure  5.  Four  Channel  Switch  Amplifier  Configuration 

Consider  the  flow  of  signal  components  through  a  pair  of  back>to-back  hybrid  coupler 
matrices  with  no  phase  shifters  as  shown  in  figure  6.  Power  is  fed  into  the  divider  matrix 
at  input  terminal  1.  It  splits  into  four  equal  amplitude  compmients  at  intermediate  terminals 
A,  B,  C,  and  D  as  shown.  Component  A  is  shown  with  a  90°  phase  lag  with  respect  to  the 
dotted  reference  phase.  This  90”  lag  results  from  signal  A  having  gone  "straight"  through 
two  hybrid  couplers,  each  contributing  a  45”  delay.  Component  b  goes  "straight"  through 
the  first  coupler,  and  "across"  the  second,  hence  experiences  45”  +  135”  =  180*  delay.  The 
remaining  components  are  easily  derived  in  the  sanse  way. 

Each  of  the  four  A.  B,  C,  O  components  then  enters  the  combining  matrix  and  is 
further  split  into  four  equal-amplitude  (but  differing  phase)  outputs.  These  are  represented 
by  the  four  columns  of  four  output  signals  shown  to  the  right  M  the  output  terminals  1',  2', 

3'.  and  4'  in  figure  6.  Note  how  the  components  add  up  horizontally  to  a  resultant  output, 
which  for  this  case  is  zero  in  ail  but  output  terminal  1',  wnt-re  all  the  power  emerges  if  ideal 
lossless  matrices  are  assumed  for  the  inoment.  Later  we  will  consider  the  effects  of 


imperfect  matrix  components. 
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Flgur*  6.  PhaM  Analysis  ot  Matrix  Switch 

Usiac  a  sliBilar  analysis,  it  Is  sioipla  to  show  how  introducing  180”  phase  delays  at 
tsrninals  C  sad  O  will  cause  all  the  power  coming  into  terminal  1  to  be  switched  to  output 
tonniiial  ft*.  Figure  7  is  similar  to  figure  6  except  for  the  introduction  of  the  phase  shifters. 
Note  how  ou^Mt  components  in  columns  C  and  D  are  reversed  in  direction  compared  with 
figure  6,  and  how  this  results  in  complete  power  combination  in  terminal  2',  with  zero  at  the 
other  terminals. 


Figure  7.  Phase  Analysis  of  Matrix  Switch 
EFFECTS  OF  PHASE  AND  AI^L  LITTJDE  ERRORS 


h. 

g 

The  analysis  above  dealt  with  ideal  components  In  which  perfect  amplitude  and  phase 
shift  values  wore  assumed.  For  a  practical  matrix  switch,  it  is  necessary  to  examine  the 
effects  of  imperfect  components  on  the  switch  performance,  to  determine  reasonable  I 

tolerances  for  the  hybrid  couplers  aiul  phase  shifters, 
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First  consider  a  four-channel  switch  with  an  amplitude  error  in  one  of  the  four  paths. 
Let  us  assume,  for  example,  that  one  of  the  four  variable  phase  shifters  has  an  insertion 
loss,  such  that  its  output  amplitude  is  O.Sk  (volts)  where  k  <  1.  The  other  three  amplitudes 
are  assumed  to  be  0.5  volts,  resulting  from  a  unit  voltage  at  one  of  the  switch  input  termi¬ 
nals. 

Using  the  simple  phasor  diagram  method  of  analysis  on  the  switch  condition  of  figure  7. 
the  signals  are  now  as  shown  in  figure  8.  A  unit  input  voltage  at  terminal  1  produces  0.5 
volt  components  at  intermediate  terminals  A,  B,  C,  and  D.  If  one  phase  shifter,  say  0^. 
causes  an  amplitude  error  such  that  its  output  is  only  O.Sk  volts,  then  all  the  output  signal 
components  in  column  C  will  have  an  amplitude  of  0.25k.  This  results  in  imperfect  cancella¬ 
tion  in  output  channels  1',  3',  and  4',  such  that  a  resultant  voltage  of  e  =  0.25  (1-k)  appears. 
On  the  switched  output  channel  2',  the  resultant  voltage  will  be  E  =  0.25  (3-d().  Thus  the 
signal  in  the  desired  channel  is  down  by 

A  (db)  =  20  logjQ  [o.25  (O^k)] 

and  the  Isolation  (Le.,  coupling  into  undeslred  channels)  is  given  by 
a  (db)  =  -20  logjQ  (E/e) 

Assigning  some  numbers  in  this  case  results  the  following; 


Voltage  amplitude  error  k 

0.944 

0.891 

0.795 

0.707 

Amplitude  error  in  db 

-0.5 

-1.0 

-2.0 

-3.0 

Loss  in  output  A  (db) 

-0.12 

-0.24 

-0.46 

-0.66 

Isolation  a  (dfc) 

-37 

-33 

-26 

-23 

It  can  be  seen  that  the  loss  in  the  desired  output  due  to  a  pure  amplitude  error  in  one 
path  is  roughly  one-quarter  of  the  amplitude  error  in  db  for  a  4  channel  switch.  Thus  it 
appears  that 

A  (db)  =  20  logjg  (k)/4 
or  A  (db)  =  K  (db)/4 

For  a  higher  number  of  channels,  N,  the  output  loss  will  be  proportionately  less, 
namely 

A  (db)  =  K  (db)/N 

The  same  analysis  method  can  be  extended  to  determine  the  effects  of  phase  errors  and 
amplitude  errors  in  more  than  one  channel,  but  then  the  question  arises  as  tc  what  assump¬ 
tions  to  make  for  the  various  errors.  This  is  best  handled  on  the  basis  of  statistics  and  . 
random  variables.  Such  an  extension  to  the  analysis  is  in  process,  and  includes  combinations 
of  phase  and  amplitude  errors. 
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Figure  8.  Amplitude  Error  Analysis 


A  similar  analysis  has  been  made  on  a  hybrid  matrix  switch  using  magic -tee  hybrids 
(8).  but  otherwise  equivalent  to  the  switch  technique  described  above.  In  this  analysis 
random  amplitude  and  phase  errors  are  assumed,  such  that  they  make  equal  contributions 
to  the  decoupling  (isolation)  of  power  to  undeslred  output  channels.  Under  these  assumptions, 
the  results  indicate  that  for  a  16  channel  switch  with  better  than  -20  db  of  isolation,  the 
overall  amplitude  and  phase  tolerances  are  2.2  db  and  16.0  degrees,  respectively,  while  for 
•30  db  isolation  the  values  are  0,8  db  and  5.2  degrees.  Also,  the  tolerances  become  less 
stringent  as  the  number  of  channels  increases.  These  results  are  being  confirmed  and  ex 
tended  to  less  restrictive  assumptions. 
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THE  DESIGN  OF  A  BROADBAND  ROTATING  FEED  FOR  A  LOW  NOISE 
TEMPERATURE  ANTENNA  WITH  AUTO-TRACK  CAPABIUTY 

By  D.  G.  Henry* 


ABSTRACT 

A  feed  is  described  that  was  desired  to  fit  in  a  19  foot  parabolic 
reflector  to  give  auto-track  capability.  The  feed  operates  at  860,  900, 
960,  1400,  1700,  2290  and  2800  Me.  The  polarization  is  right  circular 
from  the  reflector.  The  VSWR  is  1. 5:1. 0  or  better  at  the  above  fre¬ 
quencies.  The  pcak-to-peak  tracking  modulation  does  not  exceed  2.  Odb 
at  a  rate  not  less  than  20  cps.  Maximum  signal  to  noise  ratio,  rather 
than  maximum  gain,  is  desired  from  the  reflector. 

The  feed  described  is  a  conical  log-spiral  with  a  spiral  rate  of  83 
degrees,  a  cone  angle  of  20  degrees,  a  truncation  diameter  of  0.  592  inch 
and  a  base  diameter  of  4. 92  inches.  The  antenna  is  fed  balanced  by  a 
broadband  tapered  bslun.  The  half  power  beamwidth  varies  from  62  de¬ 
grees  at  the  lowest  frequency  to  97  degrees  at  the  highest  frequency.  The 
beamwidth  to  first  nulls  varied  from  160  to  175  degrees.  The  axial  ratio 
of  the  conical  log-spiral  varies  from  0. 75  at  960  Me  (where  it  is  the  best) 
to  5. 0  at  2800  Me  (where  it  is  the  worst). 

The  conical  log-spiral  feed  is  mounted  in  the  dish  and  tilted  at  15 
degrees  to  give  the  auto-track  mode.  The  half  power  beamwidth  of  the 
reflector  and  feed  ranges  from  4. 4  to  1.  5  degrees  from  the  lowest  to  high 
est  frequency  The  tracking  modulation  level  varies  from  0.  9  to  1.  9  db 
from  low  end  to  high  end.  The  front  to  back  ratio  is  a  minimum  of  40  and 
a  maximum  of  48  db.  The  calculated  noise  temperatures  range  from  132 
degrees  Kelvin  at  860  Me  to  37.  5  degrees  Kelvin  at  2290  Me,  where  it  is 
a  minimum.  The  noise  temperature  at  2800  Me  is  42. 1  degrees  Xehdn. 

For  final  installation  the  conical  log  -spiral  and  broadband  balun 
are  potted  in  place  and  a  pressurized  protector  is  placed  over  the  motor, 
reference  generator,  and  rotary  joint. 

♦PHYSICAL  SCIENCE  LABORATORY 
NEW  MEXICO  STATE  UNIVERSITY 
Box  548 

University  Park,  New  Mexico 
Contract  NAS  10-48 


1 


1.0  INTRODUCTION 

The  National  Aeronautics  and  Space  Administration  iauach  Operations 
Directorate  of  the  George  C.  Marshall  Space  Flight  Center  has  requested  the 
Physical  Science  Laboratory  of  New  Mexico  State  University  to  provide  a 
nutating  feed  or  feeds  for  a  19  foot  parabolic  reflector,  which  offers  a  low 
noise  temperature  auto-track  capability. 

2.0  ELECTRICAL  PARAMETERS 

2. 1  Operating  Frequencies 

The  operating  frequencies  of  interest  are  860,  900,  960,  1400, 
1700,  2290  and  2800  Mc/sec.  The  frequency  of  highest  interest  is  2290  with 
960  and  1700  next  and  2800  of  least  importance. 

2. 2  Polarization 

Polarization  diversity  is  desirable,  but  not  required.  If  a  single 
polarization  is  to  be  provided,  right  circular  polarization  is  required. 

2. 3  VSWR  Umits 

The  VSWR  must  be  1. 3;1  or  better  at  the  critical  frequencies 
(2290,  1700  and  960). 

2. 4  Noise  Temperature 

The  feed  shall  provide  for  maximum  signal  to  noise  ratio  rather 
than  maximum  ga'n.  The  noise  temperature  of  the  preamplifier  is  assumed 
75*  K. 

2.  5  Tracking  Modulation 

The  peak-to-peak  tracking  modulation  in  db  shall  not  exceed 
2. 0  ±  .  5  db. 


2.  6  Modulation  Rate 

The  modulation  rate  shall  not  be  less  than  20  cps. 

2,  7  Heference  Signal 

A  refprence  signal  coherent  with  the  modulation  voltage  must 
be  provided.  The  refererxe  level  shall  be  a  ooniinal  10  volts  at  600  ohms. 


3.G  MICHANICAL  PARAMETERS 

Tb«  fMd  ahall  be  rigidly  connected  to  the  reflector  and  be  mechani¬ 
cally  balanced  to  preclude  vibration.  The  feed  must  also  be  capable  of  all- 
weather  operation  and  be  Impervious  to  moisture,  rain  and  salt  spray,  and 
blowing  sand  for  a  period  of  three  years 

4.0  CONICAL  SPIRAL 

The  conical  log-spiral  antenna  is  defined  by  a  logrithmic  equation. 
There  are  two  arms  to  the  spiral.  The  defining  equation  for  the  first  arm 

fo 

PI  ■  A)  4.1 

where  b  «  cot  0  sin  a/  po  is  determined  from  truncation,  p  and  ^ 
are  the  spiral  rate  and  cone  angle  respectively  as  shown  in  Fig.  1.  The 
second  arm  is  defined  by 

P2  ■  Pi  e  .  4. 2 

The  diameters  of  the  truncated  portion  of  the  cone  and  the  base  of  the  cone 
are  determined  by  the  extremes  of  frequency  bandwidth  desired.  For  this 
antenna,  the  diameter  of  tho  arms  is  a  constant. 

The  first  of  this  type  of  antenna  tested  had  a  spiral  rate  (0)  of  73  % 
a  cone  angle  (m)  of  20*,  a  truncation  diameter  (d)  of  0.  502",  and  a  base 
diameter  (D)  of  4.92".  Since  the  antenna  is  a  two  armed  structure  and  must 
be  fed  balanced,  a  broadband  tapered  balun^  was  constructed  to  excite  and 
match  the  antenna.  The  radiation  patterns  were  smooth,  had  no  back  radia¬ 
tion  above  -20  db,  and  with  the  exception  of  2800  Mc/sec  were  essentially  the 
same.  The  patterns  were  a  great  deal  too  broad  to  give  the  desired  illumi¬ 
nation  in  the  19  foot  parabolic  reflector.  A  summary  of  the  pattern  character 
istics  is  given  in  Table  I. 

A  change  of  the  spiral  rate  ((B)  from  73  *  to  83  *  with  all  other  para¬ 
meters  remaining  the  same  was  next  studied.  This  antenna  was  much  more 
critical  in  its  impedance  matching.  The  same  type  of  broadband  balun,  as 
previously  noted,  was  used  to  feed  this  antenna.  The  radiation  patterns  of 
the  conical  spiral  were  quite  good  at  all  frequencies  with  the  possible  excep¬ 
tion  of  2800  Mc/sec,  although  2800  is  quite  good  except  for  the  axial  ratio. 
This  antenna  will  give  very  close  to  the  desired  illumination  when  placed 
in  the  19  foot  diameter  parabolic  reflector.  The  antenna  is  shown  in  Fig.  2. 
Table  II  gives  ?.  summary  of  the  patterns  shown  in  Figs.  4  through  24. 

The  antenna  coordinate  system  is  shown  in  Fig.  3. 


This  antenna  was  the  model  with  which  all  tests  of  the  19  foot  para" 
bolic  reflector  wore  run. 

5.0  PRPIARY  FEED  TESTS  IN  REFLECTOR 

3.1  Radiation  Pattern  Test  Setup 

The  19  foot  diameter  parabolic  reflector  was  mounted  on  an 
elevator  on  a  30  foot  tower.  The  360  *  azimuth  rotator  is  an  integral  part 
of  this  elevator.  The  19  foot  diameter  parabolic  reflector  was  used  as  a 
receiver  in  the  radiation  pattern  measurement  setup.  The  transmitter  was 
located  3000  feet  away  (Fig.  25).  A  10  foot  diameter  parabolic  reflector 
with  a  linearly  polarized  feed,  for  the  desired  frequency,  was  used  as  a 
transmitting  antenna. 

The  conical  spiral  antenna  is  shown  mounted  in  the  reflector  for 
radiation  pattern  measurements  in  Fig.  26.  The  rf,  a-c  and  modulation 
reference  lines  are  run  down  the  same  tripod  support  leg. 

5. 2  Radiation  Pattern  Measurements 

The  conical  spiral  feed  was  mounted  in  the  19  foot  diameter 
reflector  with  the  axis  of  the  cone  coinciding  with  the  axis  of  the  reflector. 
The  conical  spiral  was  adjusted  to  give  the  best  focus  over  the  frequencies 
required.  Radiation  patterns  at  960,  1700  and  2300  Mc/sec  are  shown  in 
Figs.  28  to  33.  These  are  the  critical  frequencies  and  also  give  a  good 
representation  of  the  entire  group  of  operational  frequencies.  A  coordinate 
system  is  shown  in  Fig.  27. 

The  average  back,  radiation  is  down  47  to  50  db  from  the  peak  of 
the  main  lobe  for  all  of  the  frequencies.  The  radiation  patterns  with  the  cone 
on  axis  were  run  so  that  a  comparison  of  sidelobe  and  back  radiation  could 
be  made  when  the  cone  is  tilted  off-axis  to  achieve  the  automatic  track  mode. 

5.  3  Modulation  Level  Tests 

The  conical  spiral  was  tilted  off-axis  a  number  of  different  ways 
'o  determine  the  optimum  position  for  a  constant  power  modulation.  This 
x>wer  modulation  is  the  difference  between  the  peak  of  the  main  lobe  and 
he  point  where  the  beam  crosses  the  axis  of  rotation. 

The  cone  base  was  kept  on-axis  and  the  apex  tipped  off  in  the 
irst  series  of  tests.  This  configuration  did  not  give  a  constant  power  modu- 
ation  over  the  frequency  range.  The  cone  base  was  next  moved  off-axis 
ind  the  apex  kept  on-axis.  Various  degrees  of  tilt  were  tried  from  2.  5*  to 
.5".  The  15*  tilt  was  found  to  give  the  most  nearly  constant  power 


BMAilitloa  l999i  ow9r  tli9  (rtqiMiicy  rant*.  Tha  modulation  i«7tl  at  aach 
fraqumcy  la  atown  la  Flfa.  14  tiiroui;h  40.  Tha  amplituda  of  tha  pattarna 
la  act  ralativa  bid  ara  only  to  mocbilatioa  laval  and  baamwidtb.  Aa 
aaaB  on  tba  flfuraa>  only  tba  firat  tan  db  of  tha  pattarn  la  plottad. 

Tba  front*to-baOk  ratio  wban  tha  feed  la  tiltad  doaa  not  differ 
appreciably  from  that  nhan  tha  feed  la  on  azia.  Tha  firat  aldaloba  ia 
aliehtly  hl^r  due  to  feed  tilt.  A  aummary  of  tha  pattarn  charactariatlca 
la  fttan  la  Tabla  Ill.  Tha  VSWR  and  axial  ratio  ara  alao  included  in  this 
tabia.  Tha  maaaurad  and  calculated  fain  ara  alao  ahotm  on  thia  table. 

<•0  mam  TiMFsnATuitg 

The  noiaa  tamparatura  of  tha  19  foot  diamatar  reflector  waa  calculated 
from  tha  action 


wham  •  aatanaa  noiaa  taaiparatora 

Ti  (a ,4)  -  backffound  tamparatura  diatrlbutioa 
O  (a,4)  -  nation  pattern  of  tha  antenna. 

Diiac  ^  maaanrad  radiation  pattern  of  tba  aataima,  tha  menaurad 
faint  of  tk»  eoamic  noiaa^,  and  aaaoming  that  tha  earth  has  a  noiaa  tampara¬ 
tura  of  190*  K  t  a  noiaa  tamparatura  waa  calculated  for  aach  frequency.  The 
manlti  of  thaaa  calculattona araelfan  in  Tabla  I V.  Tha  upper  fraquanclaa 
fim  tha  heat  noiaa  tampamtum  and  ara  within  tha  79  *  K  apaclf icatlon  while 
tha  lower  fraquanctaa  ara  •omawlmt  hi|^r  than  tha  75  *  K  daalrad. 

noiaa  tamparatura  of  tha  diah  at  the  upper  fraquanclaa  la  not 
aa  low  aa  waa  aipactad.  Thia  la  probnbly  due  to  the  fact  that  tba  acrean 
hole  aist  ta  an  sppracl&bla  portion  of  a  wnyalansth  and  allowa  iaakag;# 
thronsh  tha  acman.  Alao  tha  raflactor  lurfaca  haa  partarbetiona  which  i^ve 
riaa  to  aldalobaa  which  tend  to  iocraaaa  tha  noiaa  tamparatura.  Thaaa  par- 
turfantloM  alao  ctuaa  a  in  sain  aa  aaan  in  T^bla  111  by  comparing  the 
manamrad  with  the  caleulatad  pin. 
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form  an  integral  part  (Fig.  41).  Pulleys,  oelt  and  bearing  are  mounted 
directly  to  this  housing  (Fig.  42).  This  complete  unit  can  be  removed  from 
the  tripod  mounting  plate. 

7. 1. 2  Tripod  Mounting  Plate 

The  tripcd  mounting  plate  (Fig.  43)  is  used  to  support  the 
motor-generator  mount  and  feed  antenna.  Support  studs  are  located  at  120* 
on  this  plate.  These  studs  are  attached  to  the  support  arms  attached  to  the 
dish.  Next  to  one  stud  is  located  an  rf  connector,  a-c  plug  and  a  reference 
generator  output  Jack. 

7.  2  Tripod  Assembly 

7,  2. 1  Tripod  Support  Arms 

The  tripod  support  arms  are  made  of  fibercast  pipe  and 
are  10  feet  long  (Fig.  44).  The  pipe  is  2. 375'*  in  diameter  with  a  0. 210" 
wall.  The  pipe  is  made  by  FIBERCAST  of  Sand  Springs,  Oklahoma. 

7. 2. 2  Adjustable  Mounting  Studs 

Adjustable  mounting  studs  are  located  on  the  ends  of  the 
support  rods  attached  to  the  dish  (Fig.  45).  These  studs  can  be  adjusted  a 
total  of  ^1"  linear  travel.  The  studs  will  come  marked  for  the  proper 
position. 

7. 3  Radome 


The  radome  (Fig.  46)  is  construct^  of  aluminum  and  is  attached 
to  the  mounting  piate  by  socket  head  cap  screws  from  the  reverse  side  of  the 
plate.  A  stainless  steel  clamp  is  attached  around  the  radome  to  help  hold 
the  o-ring  in  place.  The  radome  is  designed  to  be  pressurised  to  5  ssi.  The 
pressure  is  carried  to  the  radome  by  means  of  7/8"  helLx  coaxial  cable. 

The  radome  is  pressurized  to  protect  the  motor,  generator  and 
associated  parts  from  condensation  of  moisture. 

The  radome  should  not  be  pressurized  above  the  design  pressure 
or  seriotts  damage  could  result. 

7.  4  Antenna  Assembly 

7.  4, 1  Counterweight  and  Ground  Plane 


to  ^nlinJ*e  »to«tloi)I!'*The*counteri^('^“‘““’'  *“*»“«< 1200  ipm 
toltod  logger  So  form  a  single  Jmt  (p^«i  1!°“"'*  P**"®  >«>''»  *>e«i  ^ 

StlSSmi  from  mis  ssseZy  or  Shi^^-ia^i  m  SToXyei 

■b  M  A 


7.4.2 


Conical  Spiral  Antenna 


pj*“  Ijy  removia*  tho  rasaoved  from  the  ground 

of  tke  ground  plane,  if  tfeia  become*  screws  on  the  underside 

tok«  no*  to  twrt  tte  rt^n«tor?iSl  2^?,?S!2S£«™  should  be 
toe  cone  has  been  filled  with  a  foam  ^  cone.  The  interior  of 

turbed.  Failure  to  heed  this  warniiJ^ai”*^  material  and  should  not  be  die- 
antenna.  warning  can  result  in  a  destroyed  balun  and 
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Rotary  Joint  andRF  Cable 


c»n  b.  renmred  I,  P*»“  “»*'"hly 

the  motor  ioaide  the  ra^me  SetTria^  connector  off  the  end  of  ^ 

ai^  then  loosened  a^*^e‘e«'lr^t* 

should  be  removed  with  Sire.  **  Placed  inside  the  motor  abaft  and 

<*osi«n  as  to  long  llfe^  hi^^sp^d  advanced 

run  a  total  of  lO  hour.  aX  S^e  ta.  S^r.ie7ect2d  * 
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FIG.  25  -  VTEW  OF  3000  FOOT  RANGE 
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28  -  980  MC,  E9 ,  FEED  NOT  TILTED 
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riG.  so  -  1700  MC,  E0 ,  FEED  NOT  TILTED 


FIG.  32  -  2290  MC,  E9  ,  FEED  NOT  TILTED 


fig.  34  -  MODUIATION  LEVEL  FOR  860  MC,  15- 


MC,  15 
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FIG.  36  -  MODULATION  LEVEL  FOR  960  MC^  15 


FIG.  37  ■  MODULATION  LEVEL  FOR  1400  MC,  15  '  FEED  TILT 
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38  -  MDDiniATIDN  LEVEL  FOR  1700  MC,  15'  FEED  TILT 


FIG.  39  -  MODULATION  LEVEL  FOR  2290  MC,  15^  FEED  TILT 
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FIG.  43  -  TRIPOD  MOUNTING  PLATE  WITH  MOTOR  GENERATOR 

IN  PLACE 
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1.  INTRODUCTION 


Since  the  advent  of  the  electronically  scanned  antenna  array  there  has 
existed  a  need  for  methods  of  developing  relative  phase  and  amplitude  infor¬ 
mation  without  tiie  complexity  of  a  multitude  of  phase  shifters  and  power 
dividers.  The  optical  phasing  lens  can  adequately  satisfy  this  need.  However, 
such  lenses  can  assume  dimensional  proportions  which  render  them  unsatis¬ 
factory  for  airborne  and  space  applications.  To  alleviate  this  problem, 
dielectric-filled  lenses  have  been  proposed.  By  this  technique,  lens  dimensions 
are  reduced  by  a  factor  inversely  proportional  to  the  square-root  of  the 
dielectric  constant  of  the  loading  material. 

* 

The  approach  was  pursued  in  an  effort  to  radically  reduce  lens  volume  by 
a  factor  as  great  as  1000.  Such  reductions  in  size  require  the  use  of  materials 
whose  dielectric  constants  are  on  the  order  of  100  to  300. 

This  paper  describes  the  results  of  a  program  to  advance  lens  design  and 
dielectric  loading  techniques.  During  the  program  dielectric  plating  methods 
were  improved,  materials  were  developed  to  conform  to  lens  geometries,  and 
electrical  devices  such  as  coupling  elements,  transmission  lines  and  transition 
elements  (coax  tc  microstrip)  were  developed  in  very  high  dielectric  constant 
materials.  A  demonstration  model  lens  was  designed,  fabricated,  and  tested. 
The  paper  includes  discussions  of  the  modes  of  propagation  in  a  dielectric 
lens,  selection  and  processing  of  lens  materials,  and  the  development  and 
testing  of  the  experimental  model  lens. 

2.  MICROWAVE  PHASING  LENSES 

For  use  in  antenna  and  array  scanning  systems,  microwave  lenses  are 
employed  to  develop  the  phase  and  amplitude  of  each  array  element.  Geometric 
optics  (ray  tracing)  is  applied  to  develop  the  equations  which  describe  the 
lenses’  geometrical  and  electrical  form.  This  design  approach  requires  that 
equal  electrical  path  lengths  are  developed  throughout  the  lens  unit,  originating 
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from  a  point  source  (the  lenses'  focus),  and  culminating  in  an  equi-phase 
front  along  a  plane  perpendicular  to  the  lens  body  (the  antenna  aperture). 

Two  basic  lens  types  result  from  this  technique: 

1,  “  NormaT'  lenses,  in  which  the  electric  field  vector  is  in  the  plane 
of  the  lens  media,  and 

2.  Constrained"  lenses,  in  which  the  electric  vector  is  normal  to  the 
lens  media. 

Normal"  lenses  are  designed  using  Snell’s  law.  Thus,  equal  patlis  are 
developed  through  a  lens  by  causing  discrete  "  rays"  to  bend  at  prescribed 
dielectric  Interfiices.  The  classic  Luneburg  lens  is  of  this  form. 

"  Constrained"  lenses  guide  the  rays  along  confined  courses.  Hay  direction 
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is  not  controlled  by  refraction.  The  Ruze  and  Rotnian  lenses  are  examples 
of  the  constrained  lens  design. 

In  each  of  the  lens  designs,  a  small  microwave  horn  or  similar  radiator, 
is  located  at  the  lenses’  focus.  Energy  is  then  "  launched"  into  the  lens  media 
by  means  of  this  source.  When  the  lens  is  being  used  as  a  phase  computing 
device  (rather  than  a  direct  radiating  antenna),  probes  or  similar  type 
elements  are  placed  along  the  contour  opposite  this  focus.  'These  "pick~off" 
elements  serve  to  couple  energy  from  the  lens  media  to  the  antenna  array. 

The  fundamental  requirement  of  each  type  lens  is  that  it  develops  equal 
path  lengths  from  the  focus  to  the  antenna  array.  However,  to  properly  perform 
this  task,  lenses.  In  general,  must  assume  dimensions  which  result  In  their 
physical  size  becoming  prohibitively  large  for  many  applications.  The  problem 
then  becomes  one  of  maintaining  performance  while  reducing  lens  size.  One 
means  of  accomplishing  this  task  is  to  cause  a  uniform  reduction  In  the 
velocity  of  propagation  of  the  ray  energy  as  it  passes  through  the  lens.  This 
may  be  realized  by  uniformly  increasing  the  lens  media  dielectric  constant 
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over  the  value  assumed  during  Its  initial  design.  This  has  been  the  approach 
used  during  the  development  of  a  High  Dielectric  Phasing  Lens  for  Electronically 
Scanned  Arrays. 

3.  HIGH  DIELECTRIC  LENS  DESIGN 

An  earlier  Motorola  study  had  developed  a  microwave  phasing  lens  assem- 

3 

bly  designed  according  to  the  methods  reported  by  Rotman  .  In  this  unit, 
multiple-beam  scanning  was  achieved  in  one  plane  over  >50  degrees  from  a 
line  source  array.  An  S-band  model  having  a  5-degree  HPBW  was  Ixjilt  and 
tested.  The  model  consisted  of  two  parallel  conducting  plates  separated  by  an 
air  dielectric,  spaced  to  support  the  TEM  mode,  and  shaped  to  the  calculated 
lens  geometry,  figure  1  is  a  photograph  of  the  completed  model.  Tests  indi¬ 
cated  the  lens  performed  highly  satisfactorily. 

The  ultimate  objective  of  the  development  described  by  this  report  was 
to  build  an  analogous  xmlt  In  which  the  lens  media  is  replaced  by  a  high 
dielectric  constant  materiaL  In  so  doing,  electrical  lengths  are  preserved 
while  physical  dimensions  are  reduced  by  a  factor  ecpial  to  the  reciprocal  of 
the  index  of  refraction  in  the  dielectric  material. 

3.1  Dielectric  Material 

Dielectric  constant,  loss  and  homogenulty  are,  of  course,  prlmar}'  con¬ 
siderations  in  the  selection  of  a  dielectric  material  which  is  to  i>e  used  in  a 
microwave  device.  In  this  case,  certain  mechanical  properties  were  also  to 
be  considered.  Earlier  work  had  shown  that  high  dielectric  constant  bodies 
made  up  of  many  pieces  of  material  which  are  cemented  together  to  form  a 
single  unit  are  not  satisfactory  for  use  in  a  high  performance  lens  system. 

This  required  that  the  selected  material  be  supplied  as  a  unit  piece.  In 
addition,  to  achieve  tlie  necessary  lens  contour  geometry  the  material  was  to 
be  machined  to  very  close  tolerances. 
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Because  of  the  extreme  mismatch  which  results  at  an  air  interface  in 
vei'y  high  dielectric  constant  materials,  a  lens  must  be  constructed  with  its 
coupling  elements  imbedded  in  the  dielectric.  Printed  circuit  techniques 
provide  a  relatively  simple  approach  to  this  requirement,  but  their  use 
requires  that  the  shape,  dielectric  constant,  and  loss  of  the  material  are  not 
altered  by  the  plating  and  etching  processes. 

In  order  to  acliieve  a  sigrhflcant  size  reduction,  a  material  was  sought 
having  a  dielectric  constant  in  excess  of  100.  The  required  properties  may 
be  found  in  a  newly  developed  low  loss  material  produced  by  Motorola’s 
Solid  States  Systems  Division.  This  material  is  multicrystalline  titanium 
dioxide,  a  homogeneous  ceramic  material  having  a  dielectric  constant  of  110 
and  loss  tangent  <.0003. 

3.2  Coupling  Elements  and  Transitions 

There  are  many  factors  which  must  be  considered  during  tiie  selection  of 
the  lens  coupling  elements.  The  antenna  element’s  polarization,  pattern  shape, 
transmission  line  requirement,  self  and  mutual  impedance  characteristic, 
aperture  size,  and  fabrication  technique  must  be  compatible  with  each  facet  of 
the  lens  development.  Following  an  extensive  analytical  and  experimental 
study,  the  yagi  and  dipole  antermas  were  selected  to  serve  respectively  as  the 
dielectric  lens  launch  and  pick-off  coupling  elements. 

Each  of  these  antennas  propagate  a  vertically  polarized  wave.  The  yagi 
exhibits  a  directive  beamwidth  and  well  controlled  pattern  shape,  a  stringent 
requirement  for  the  lens  launch  element.  The  dipole  has  a  very  broad  beam- 
width;  a  desirable  feature  for  the  pick-off  element.  Each  antenna  can  be  fed 
with  balanced,  two  conductor  transmission  lines.  The  combination  of  self  and 
mutual  impedance  characteristics  make  each  element  a  highly  desirable 
selection.  Half  wavelength  spacing  of  the  pick-off  elements  is  preferred  for  a 
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TdMbjridMtff  distribution  of  elements  In  the  antenna  array,  thus,  the  dipole 
lends  itself  quite  well  to  the  resultant  close  proximity  between  adjacent 
plck^ff  elements.  The  proximity  of  beams  from  the  multibeam  array  is 
determined,  in  the  Rotman  lens,  by  the  relative  spacing  of  the  launch  ele¬ 
ment,  ttius,  die  half  wavelength  breadth  of  a  yagi  antenna  allows  for  the 
placement  of  large  numbers  of  fixed  beams  along  the  lenses'  focal  arc. 


Finally,  and  perhaps  of  greatest  si.gnificance,  each  of  these  antennas  can 
be  formed  using  printed  circuit  etching  techniques.  This  is  of  utmost  impor¬ 
tance  in  dlls  application  due  to  the  extremely  miniature  size  the  coigiling 
elements  assume  when  scaled  down  by  the  factor  l/y/I,  (Typical  dimensions 
of  an  S-band  dipole  imbedded  in  ah  <  -  no  material  are:  line  radii  of  .002 
inch,  element  lengdi  of  .190  inch,  and  transmission  line  separation  of  .035 
inch.)  Printed  circuit-type  mediods  are  the  obvious  solution  to  the  problems 

> 

encountered  in  die  fabrication  of  such  elements. 


Because  of  the  very  close  physical  spacing  between  adjacent  elements, 
the  transition  from  conventional  sized  system  hardware  to  the  dielectric- 
loaded  lens  ooqiling  elements  required  the  development  of  unique  inter- 
oomieetton  mediods.  The  very  miniature  nature  of  the  microstrip  transmission 
lines  also  added  to  the  complexity  of  the  inte.'connection  problem. 

During  an  eiqierimental  evaluation  of  several  approaches,  the  Microdot 
31-50  receptical  was  modified  to  fit  into  the  available  ^ace  and  also  make 
die  contact  necessary  for  die  electrical  transition.  Typical  performance  over 
a  six-percent  band  of  frequencies  yielded  an  average  mismatch  of  1.5:1  and 
a  coupling  of  2.7  db  below  theoretical.  (This  performance  was  r*easured  on  a 
developmental  model  consisting  of  a  set  of  yegi  and  dipole  coupling  elements, 
mounted  on  opposite  ends  of  a  4- inch  test  bar  of  le  .is  materiai.  Modified 
Microdot  transitions  were  used  to  make  the  necessary  equipment  inter¬ 
connections.) 
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3.3  Lens  Description 


Having  selected  a  lens  design,  the  high  dielectric  constant  material,  and 
the  lens  coupling  elements  and  transition  method,  an  experimental  model  was 
designed,  built  and  tested  to  demonstrate  the  feasibility  of  the  technique. 
Since  the  dielectric-loaded  lens  was  to  be  the  electrical  counterpart  of  the 
earlier  S-band  model  (figure  1),  it  was  necessary  to  validate  the  electrical 
equivalence  of  the  two  units.  This  was  done  by  an  analysis  of  their  respective 
modes  of  propagation. 


rn'  Vi  i  4,  5,  6,  7,  8,  9 

Tne  literature  »  ’  »  ’  ’ 


describes  propagation  through  dielectric 


materials  in  an  environment,  of  closely  spaced  ground  planes.  Barlow  com¬ 
pares  surface  wave  propagation  to  transmission  line  modes  as  a  fimction  of 
Single  and  dual  ground  planes.  Equations  are  derived  for  phase  velocity 
through  grounded  and  ungrounded  dielectric  sheets  for  each  of  TE,  TM,  and 
for  TEM  propagation.  Richmond  shows  similar  results  and  presents  the  data 
in  graphical  form  for  various  ground  plane  and  dielectric  sheet  spacings  as  a 
function  of  dielectric  constant.  Using  these  design  criteria,  it  was  shown  that 
in  the  dielectric-filled  lens  model,  the  TMol  mode  is  .supported.  A  surface 
wave  is  propagated  along  the  dielectric  interface  with  a  velocity  ap  iroxi- 
mately  X/sJJTk  that  of  the  TEM  mode  in  the  air  lens  model.  Thus,  even  though 
their  mode  of  propagation  is  different,  the  two  lens  models  exhibit  equivalent 
electrical  lengths  to  the  ray  paths  through  them.  Therefore,  where  equal 
wavelength  spacings  exist  in  each  unit,  equivalent  phase  delay  occurs. 


The  S-band  air  lens  measured  approximately  65--inches  across.  Multi¬ 
cry. stalline  titanium  dioxide  has  a  dielectric  constant  of  110.  Thus,  a  reduction 
of  l/'v/c  ,  or  .095  in  tne  air  lens  dimensions  was  realized.  This  resulted  in  a 
volume  reduction  of  1160:1.  The  high  dielectric-constant  lens  unit  thus  con¬ 
sisted  of  a  7.5-inch  titanium  dioxide  disc  supported  over  a  ground  plane. 
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Seven  yagi  antennas  were  placed  about  the  focal  arc  and  axially  aligned,  facing 
the  center  of  the  array  of  pick-off  elements.  They  held  beam  positions  of 
0,  ±20,  ±30,  and  ±45  degrees  relative  to  the  center  axis.  Twenty-nine  dipoles 
were  placed  at  approximately  half-wavelength  intervals  along  the  lenses 
rear  contour  to  serve  as  pidc-off  elements.  These  launch  and  pick-off  ele¬ 
ments  arc  shown  in  figure  2. 

3.4  Fabrication  Techniques 

In  a  hi|^  performance  lens-array  system,  phase  errors  must  be  held  to 
a  minimum.  When  sucii  errors  occur,  they  appear  at  the  array  as  deviations 
from  a  plane  wavefront.  Their  presence  causes  degradation  of  the  radiated 
pattern.  The  phase  errors  may  be  caused  by  many  facets  of  the  lens  system : 
the  basic  lens  design  (geometry)  is  generally  not  perfect  as  the  beam  is 

*  *. 

scanned;  the  lens  media  is  not  homogeneous;  the  feed  source  is  not  located  at 
the  lens  focus;  and,  loose  mechanical  tolerances  alter  the  Intended  lens  shape. 

The  lens  design  being  used  for  this  application  exhibits  negligible  inherent 
phase  errors  with  scan  (theoretical  maximum  phase  error  for  ±50  degrees  of 
scar  iS  0.8  degrees  while  measured  maximum  error  on  the  air  lens  model 
was  5  flogrees).  Homonenelty  of  the  dielectric  material  can  be  controlled  only 
during  its  manufacturing  stage.  Following  delivery  of  the  disc  from  the  vendor 
its  point-to-point  dielectric  constant  cannot  be  altered.  However,  loose 
mechanical  tolerances  in  the  lens  shape,  or  in  the  location  of  coupling  elements 
can  seriously  impair  a  phasing  lenses’  performance.  This  Is  illustrated  by 
observing  the  wavelength  as  measured  in  the  dielectric.  Free  space  wavelength 
at  2950  me  is  4.000  inches.  This  wavelength  measured  in  the  cllO  material  is 
0.330  inches,  TThus,  a  one-mil  dimensional  tolerance  represents  0.947  electrical 
degrees  of  phase  error.  For  this  reason,  extreme  care  was  taken  in  locating 
the  lens  coupling  elements  and  in  shaping  the  dielectric  disc  to  the  required 
lens  shape. 
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Figure  2.  Titanium  Dioxide  Phasing  Lens/ Antenna  Coupling  Element 
Circuit  Layout  -  Scale  1:1 


'  ' '  ■■  '  '  ■’  '  I 

3.4.1  CoupUsc  EtoiDAiit  Circuit  | 

Artvcxic  of  tb*  eoupiliig  oJLoments  wan  Initially  drawn  to  a  16:1  acale.  Then,  f 
IndiTldual  photofra^phie  negatlTea  of  each  element  in  an  8:1  scale  were  accu-  | 
nUlT  located  te  a  pbaalox  tena  icomatry,  ateo  plac«l  on  an  8:1  acale.  | 

The  twenty-nine  pick-off  dipolee  were  positioned  with  their  centers  located  | 
on  the  rear  contour.  ^»cation  dowels  were  placed  at  four  points  along  the 
perlfery  of  the  lens.  These  served  to  accurately  align  the  finished  negative  j 
to  the  dielectric  plate  during  the  photographic  exposure  process.  Thv?  art- 
woik  eas  then  reduced  to  photographic  negatives  on  a  1:1  scale.  Figure  2  is 
a  print  of  t2ie  completed  artwork. 

3.4.2  ZMelectric  Lens  Shaping  | 

Reflections  In  a  phasing  lens  can  seriously  degrade  the  lenses'  performancej 

For  this  reason,  If  conditions  are  such  that  reflections  are  unavoidable,  their  I 

\ 

phuM  must  be  controlled  so  as  not  to  alter  the  desired  phasing  characteristic  ^ 
of  the  lens.  A  very  large  mismatch  occurs  at  the  lens  edge,  due  to  the  high 
dielectric  constant  interface.  The  result  is  that  energy  is  absorbed  by  the 
dipole  pick-off  elements  both  from  an  incident  wave  and  from  a  wave  reflected 
from  ihe  rear  lens  contour.  These  reflecti<nis  can  be  tolerated  only  if  their 
phass  is  ec^ual  for  each  pick-off  element.  To  achieve  this  ccmdltion  reqtiires 
that  the  dielectric  disc  be  shaped  to  the  lens  geometry  with  very  close 
tolerances  held  along  tiie  rear-  face  contour.  Special  tooling  employed  con¬ 
sisted  of  a  ''  vertical  floatlng-cam-fcllower"  for  the  grinding  operation. 

The  device  was  made  to  npport  the  ceramic  disc  vertically  to  a  diamond- 
wheel  grinder.  The  disc  was  keyed  to  a  master  cam  wl  :h  had  been  cut  <m  a 
computer-programmed  vertical  mill  to  c<mform  to  the  lens  contour.  The 
acastar  cam  and  cam-follower  permitted  cutting  slots  for  the  *'  location"  . 

dowels  which  were  to  become  an  lategi*ai  part  of  the  lens  assembly.  Tiiese  ‘ 
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dowels  coincided  in  location  to  those  placed  on  the  coupling  element  artwork. 
Thus,  tlie  pick-off  elements  were  automatically  aligned  to  the  reflective 
contour  of  the  lens  material. 

3.4.3  Lens  Plating  and  Etching 

Following  the  grinding  operation  the  lens  disc  was  plated  with  1-mil  of 
copper  on  each  side.  A  photo-sensitive  spray-on  film  was  applied  and, 
following  exposure  through  the  artwork  the  coupling  elements  were  etched 
onto  the  top  surface.  To  insure  a  positive,  reproducible  method  of  accurately 
locating  the  coupling  elements  on  the  ceramic,  a  lens  mounting  base-plate 
was  prepared  with  dowel  pins  corresponding  in  location  to  the  dowel  positions 
on  the  artwork  and  lens.  This  mounting  plate  was  used  for  the  photographic 
exposures,  and  assembly  of  the  lens  into  a  test  assembly. 

3.4.4  Lens  Mounting  Fixture  and  Circuit  Connections 

Because  of  the  close  proximity  between  pick-off  elements,  the  microdot 
probes  could  not  be  aligned  adjacent  to  one-another.  To  provide  a  uniform 
method  of  mounting,  each  probe  was  inclined  at  a  45-degree  angle  to  the  lens 
surface.  A  two-sided  angle  bracket  was  curved  to  the  rear-face  contour  and 
suspended  over  the  dipole  transmission  lines.  Successive  microdot  probes 
were  alternately  placed  in  tapped  holes  on  either  side  of  the  bracket  as  shown 
in  figure  3. 

Accurate  location  and  pitch  of  the  holes  was  necessary  for  the  probe  to 
align  itself  with  the  2-mil-wide  transmission  line  of  the  dipole.  This  difficult 
task  was  performed  by  first  placing  a  l:i  scaled-print  of  the  lens  coupling 
circuit  onto  the  master  cam  which  was  used  during  the  material  grinding 
process.  The  circuit  was  accurately  placed  on  the  cam  by  means  of  the  dowel 
locators,  and,  by  photo-etching  techniques.  The  cam  was  then  placed  on  the 
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lens-mount  base-plate  and  positioned  to  the  base-plate  dowels;  thus  the  cam 
became  a  1:1  dimensional  counterpart  of  the  dielectric  lens.  The  entire 
fixture  was  then  placed  on  an  optically  aligned,  vertical  jig-bore  for  drilling 
and  tapping  of  the  pick-off  probe  holes. 

Each  coupling  probe  was  tapered  to  a  sharp  point  on  the  bulkhead  side 
(the  microdot  series  31-50  Is  basically  a  bulkhead  receptlcal;  it  was  modified 
with  the  taper  for  use  on  the  lens  fixture).  Contact  of  the  probe  tip  with  the 
printed  circuit  transmission  line  was  assured  by  spot-painting  each  connection 
with  silver  paint.  The  groimd  side  of  the  transmission  line  was  extended 
around  the  lens  edge  to  the  ground  plane. 

Elevated  brackets  were  built  which  would  allow  locating  a  probe  over  each 
yagi  transmission  line.  The  probes  and  transmission  lines  were  connected  in 
the  same  manner  as  were  the  dipoles.  Each  yagi  reflector  element  was  bridged 
over  the  dual  transmission  lines  with  silver  paint  Imbedded  with  gold  wire. 

The  reflector  was  isolated  from  the  transmission  line  with  3-M  mylar  tape. 

All  connections  were  tested  for  dc  resistance.  The  ground  lines  had  approxi¬ 
mately  0.5  ohms;  the  high  lines  approximately  0.2  ohms;  and  the  reflectors 
approximately  2. 5  ohms.  Following  the  resistance  measurement  each  probe 
was  bonded  to  the  mounting  case  to  prevent  its  movement. 

Comiection  of  the  microdot  probes  to  laboratory  test  equipment  required 
a  series  of  transitions.  It  was  necessary  to  go  from  the  miniature  probe  to 
a  type  '  coaxial  connection.  To  do  so  in  a  minimum  of  space  and  signal- loss 
a  special  assembly  was  devised  incorporating  multiple  transitions.  Thirty-six 
of  these  transitions  were  made,  each  having  an  equivalent  electrical  length  of 
360  ±.4  degrees  at  2950  me.  The  average  cable  VSWR  was  found  to  be  1.97 
at  2950  me. 
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In  order  to  prevent  movement  of  the  cables  during  phase  measurements 

and  to  protect  the  dielectric  lens  from  possible  contamination  smd  breakage,  I 

a  supporting  buUdiead  was  placed  over  the  lens  fixbjre.  The  transition  | 

assemblies  were  closely  grouped  in  the  support  according  to  a  pre-arranged 

'  I. 

connection  scheme.  Figure  4  shows  the  completed  lens  test  assembly.  Each 

yagl  team  position  was  labeled  as  to  its  angular  position,  and  each  dipole  | 

coupling  element  was  identified  with  a  position  number.  The  counterpart  to 

figure  4  is  figure  1  showing  the  identical  lens  design  having  an  air  dielectric. 

3.3  Lens  Test  and  Evaluation  \ 

3.S.1  Test  Methods 

j 

.  '  V 

Ideally,  an  evaluation  of  a  phasing  lens  would  consist  of  antenna  pattern 
range  tests  performed  with  the  array  for  which  the  lens  was  designed  to 
operate.  However,  because  of  the  complexity  and  esqwnse  involved,  the  array 
elements  and  coaxial  members  for  this  lens-array  system  were  not  assem¬ 
bled.  hi  lieu  of  these  tests,  phase  and  amplitude  coupling  measurements  were 
made.  Energy  was  fed  into  the  lens  at  each  yagi  position  and  detected  at  the 
pick-off  probes.  Additional  measurements  were  made  of  the  mutual  coupling 
into  neighboring  lens  elements;  l.e.,  cross-coupling  from  feed  point-to-feed 
poim,  and  from  dipole-to-dipole.  The  VSWR  of  each  lens  element  was  also 
determined. 

The  measurements  were  taken  at  the  type  '  N'  connector  of  the  transition 
assembly;  50-ohm  terminations  w'^  re  placed  on  all  probes  and/or  feed  ele¬ 
ments  not  actually  being  detected  (except  where  otherwise  specified).  Tests 
were  nude  with  a  1  KC  sriuare  wave  modulated  signal  at  2750,  2950  and  3150  met 

A  bridge  technique  incorporating  a  coaxial  slotted  line  was  used  in  making 
the  phase  measurements.  Well-matched  coaxial  isolators  were  used  to  isolate 
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Figure  4.  Dielectric  Model  (Titanium  Dioxide  €  =  110,  Tan  (.0003)  of 
Parallel  -  Plate,  Straight  -  Front  Phasing  Lens  -  Showing  Mounting  Fix¬ 
ture,  connecting  cables,  and  coaxial  Terminations 


th«  bridge  eyetem  miematchee  from  the  slotted  line.  Because  the  system 
was  rery  sensitive  to  amplitude  unbalances,  care  was  taken  to  maintain  a 
balanced  bridge  circuit  at  all  times.  Null  depths  on  the  order  of  30  to  40  db 
were  thus  obtained.  Using  the  center  probe  as  a  reference,  changes  in  the 
null  position  were  detected  between  adjacent  probes  along  the  rear-foce 

A 

emtcur.  This  null  shift,  A,  was  converted  to  degrees  by  the  relation  0  = 

These  values  were  designated  as  the  phase  shift,  from  probe  to  probe,  across 
the  lens  contour.  A  refleetometer  set  up  was  used  during  the  VSWR  and 
coupling  mea«irements. 

3.5.2  Test  Results 

IVpieal  results  of  the  dipole  VSWR  tests  are  presented  in  graphical  form 
in  figure  5.  Rick-off  probe  positions  are  placed  sequentially  along  the 
abscissa,  curves  show  the  measured  VSWR  at  the  three  test  frequencies. 

Tniieal  eoiq;)tlng  through  the  lens  for  the  430  degree  beam  positlcm  is 
given  In  figure  6.  The  graph  shows  the  coupling,  eiqpressed  in  db,  measured 
from  the  yagi  input  to  each  pick-oCf  probe,  plotted  as  before.  Thus  the  data 
yields  the  ampUtude  distribiitioo  which  would  evist  across  an  array  fed  by 
the  lens. 

Mutual  coiq^liBg  between  the  yagi  beam  positions  and  between  arbitrarily 
selected  dipole  pick-off  positions  is  given  in  tables  I  and  XL  The  coupling, 
expressed  in  db,  Miows  the  energy  level  measured  at  various  lens  positions 
when  power  is  fed  into  tbs  ipeeifie<3  lens  eXement  Table  nx  shows  the  same 
type  of  information  as  table  1,  for  a  condition  of  open  circuits  on  all  lens 
piek-cff  elsments. 

Data  collected  during  the  phase  measurements  required  slight  adjustment 
before  it  could  be  plotted.  The  phase  delay  attributed  to  each  coaxial  line 
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Figure  5.  Measured  Mismatch  at  Lens  Pick-off  Element  Transition's 
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Figure  6.  Measured  Coupling  Through  Dielectric  Lens  at  the  Pick-off 
Elements:  Input  at  Uie  +30  Degree  Beam  Position 
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TABLE  II  DETECTED  PROBE  NUMBERS 


Fre- 

uency 

(MC) 

3 

4 

5 

6 

B 

9 

10 

11 

12 

13 

INPUT  PROBE 

#15 

2750 

■ 

27.9 

26.1 

26.0 

31.6 

19.9 

2950 

31.7 

25.8 

40 

21.0 

3150 

— 

2750 

31.9 

14.0 

28.7 

33.2 

15.2 

2950 

29.0 

17.6 

28.8 

14.3 

24.2 

3150 

, 
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connecting  the  lens  to  an  array  waa  Jetermlned.  Also,  the  amount  oi  phase 
lead  (or  lag)  resulting  from  an  off-axis  beam  position  was  calculated  lor 
each  array  position.  These  values  were  added  algebraically  to  the  measured 
phase  shift  of  each  corresponding  probe.  The  result  was  the  predicted  phase 
distribution  at  the  aperture  of  a  hypothetical  array.  Typical  data  are  shown 
by  the  curves  of  figures  7  and  8.  The  solid  straight  line  on  the  graphs  repre¬ 
sents  the  ideal  phase  distribution  for  scanning  to  the  designated  angle  (^^20^). 
The  irregular  curve  is  the  phase  distribution  obtained  after  adjusting  the 
measured  phase  shift  trough  the  lens.  The  data  is  plotted  in  degrees  with 
the  necessary  phase  lead  or  lag,  relative  to  the  array  center  element  for 
each  of  the  29  lens  output  terminals. 

4.  CONCLUSIONS 

From  the  results  of  studies  made  during  this  program,  observations, 
conclusions,  and  recommendations  can  be  made  as  follows; 

1«  Large,  <Mie-piece  ceramic  materials  may  be  acquired  having  a  dielectric 
constant  in  excess  of  100  and  dissipation  factor  less  than  0.0003.  These 
materials  can  be  accurately  shaped  to  a  controlled  geometry.  Their 
surfaces  can  be  plated  with  conductive  materials  without  altering  their 
dielectric  properties.  The  materials  can  be  etched  with  a  multi-element 
antenna  array  of  ultra- miniature  circnilts  using  photo- reduction, 
prin^  i  circuit  techniques.  Close  tolerance  dimensions  can  be  obtained 
on  line  widths  of  approximately  one-mil  in  close  proximity  to  similar 
lines. 

2.  Inter-connection  of  cocTentional  circuits  to  closely  grouped  circuits 
has  been  demonstrated.  However,  it  is  a  problem  area  in  which  addi¬ 
tional  activity  could  greatly  improve  the  present  performance. 
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The  narrow  beam  characteristics  of  the  yagi  launch  elements  were  not 
demonstrated  on  the  dielectric  lens  model.  The  measured  average 
amplitude  coupling  across  the  lens  equaled  the  predicted  value  (-23  db). 
However,  amplitude  levels  across  the  lens  aperture  were  of  a  random 
nature  with  values  flu^matlng  db  about  the  mean. 

Phase  distribution  across  the  dielectric  lens  aperture  did  not  meet  the 
performance  stan<Urd  of  its  air  lens  counterpart.  However  the  lens  did 
exhibit  the  phasing  characteristics  of  a  wide  scan-angle  beam-culminating 
device.  The  phase  distribution  Was  not  random;  errors  were  not 
Intolerable;  beam  positioning  was  vividly  demonstrated;  there  was  slight 
evidence  of  a  pointing  boreslght-error,  and  of  the  primary  source 
defocus. 

With  a  demonstrated  capability  for  coupling  energy  through  very  high 
dielectric-constant  ceranilcs,  the  use  of  these  materials  in  microwave 
devices  becomes  feasible.  Such  applications  make  possible  volume 
reductions  ot  the  order  of  1000:1 3500:1. 

As  a  direct  result  of  the  development  effort  made  during  this  study,  a 
significant  advance  has  been  made  in  the  state-of-the-art  for  micro- 
wave  application  of  very  high  dielectric -constant  materials. 
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